Structure and stability of biological materials – characterisation at the nanoscale by Janko, Marek
  
Structure and Stability of Biological 
Materials – Characterisation at the 
Nanoscale 
 
Dissertation 
der Fakultät für Geowissenschaften 
der Ludwig-Maximilians-Universität 
München 
 
 
 
 
vorgelegt von 
Marek Janko 
 
 
München, 17.10.2011 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Erstgutachter:  Prof. Dr. Robert Stark 
Zweitgutachter:  PD Dr. Albert Zink 
Disputation:   07.02.2012 
 
Table of Contents 
 I 
TABLE OF CONTENTS 
Table of Contents .........................................................................................................I 
Abstract ..................................................................................................................... III 
1. Introduction ............................................................................................................. 1 
1.1 Decay and Preservation................................................................................................. 1 
1.2 The Iceman.................................................................................................................... 3 
2. Experimental Methods............................................................................................ 5 
2.1 Atomic Force Microscopy ............................................................................................ 5 
2.1.1 Microscope Principle and Imaging Modes ........................................................... 5 
2.1.2 Local Force Measurements................................................................................. 10 
2.1.3 Contact Mechanics.............................................................................................. 12 
2.2 Raman Spectroscopy................................................................................................... 17 
2.2.1 Scattering of Light in Matter .............................................................................. 17 
2.2.2 Raman Spectroscopy and Raman Effect............................................................. 19 
2.2.3 The Confocal Microscope Setup......................................................................... 21 
3. Ancient Tissue Preservation................................................................................. 23 
3.1 Collagen ...................................................................................................................... 23 
3.1.1 Collagen-based Tissues and Properties............................................................... 23 
3.1.2 Formation and Stabilisation of Collagen ............................................................ 24 
3.1.3 Characterisation of Recent Collagen .................................................................. 26 
3.1.4 Preservation of Ancient Collagen ....................................................................... 29 
3.2 Red Blood cells ........................................................................................................... 33 
3.2.1 The Coagulation of Blood................................................................................... 33 
3.2.2 RBC Preservation in Icemen Tissue ................................................................... 34 
3.2.3 Secondary Conclusions from Iceman RBCs....................................................... 37 
4. Summary ................................................................................................................ 39 
5. Bibliography .......................................................................................................... 41 
6. List of Abbrevations.............................................................................................. 50 
7. List of Figures ........................................................................................................ 51 
8. Publications............................................................................................................ 54 
8.1 Anisotropic Raman scattering in collagen bundles ..................................................... 55 
8.2 Nanostructure and mechanics of mummified type I collagen from the 5300-year- 
old Tyrolean Iceman ............................................................................................... 58 
8.3 Preservation of 5300 year old Red Blood Cells in the Iceman ................................... 70 
8.4 Blood platelt adhesion to printed von Willebrand factor ............................................ 81 
8.5 Raman spectroscopy of laser-induced oxidation of titanomagnetites ......................... 88 
Table of Contents 
 II 
9. Appendix ................................................................................................................ 94 
9.1 Evidence of Dyschondrosteosis and Dicrocoeliasis in a Bog Body from 
 the Netherlands ...................................................................................................... 95 
Acknowledgements.................................................................................................. 119 
Curriculum Vitae .................................................................................................... 120 
 
Abstract 
 III 
ABSTRACT 
Mummies are witnesses of the past harbouring information about the lives and fates of our 
ancestors. By examining them, the conditions of living, dietary, lifestyle and cultural habits as 
well as maladies in ancient times can be revealed. Knowledge of these maladies can be used 
to ascertain the evolution of diseases and may be helpful in characterising and treating them 
today.  
Uncovering information from mummies, however, depends on the preservation of the 
mummy tissue. Once degradation sets in, the molecular structure of the tissue is changed, and 
much information is lost. Favourable environmental conditions can slow down the process of 
decay and, hence, preserve organic material for long periods of time. As discussed in this 
work, biological tissue, which has substructural arrangements that are advantageous for 
withstanding mechanical load, might also be particularly favourable for preservation after the 
organism’s death.  
To address the question concerning the degree of preservation and to retrieve additional 
information from ancient tissue, two quasi-non-invasive analysis techniques, atomic force 
microscopy and Raman spectroscopy, were used. With these methods, the submicron 
structure, chemical composition, and nanomechanical properties of small mummified tissue 
samples were determined. In preliminary tests on recent collagen, the main connective tissue 
protein of vertebrates, results showed that in addition to imaging by atomic force microscopy, 
Raman spectroscopy is able to verify the alignment of this protein. Based on this knowledge, 
the arrangement and degree of collagen preservation in mummified human skin was 
investigated. Samples extracted from a 5300-year-old glacier mummy, the Iceman, were 
analysed. Extremely well-preserved collagen fibrils, in which the micro, ultra, and molecular 
structure were largely unaltered, were found. These results were in contrast, to the collagen 
fibrils found in the dermis of the Zweeloo mummy, a bog body of a female dating to the 
Roman period (78–233 AD). The Zweeloo mummy collagen fibrils showed moderate 
decomposition likely due to the acidic environment in the bog. Therefore, mummification due 
to freeze-drying, as in the Iceman, seems to be particularly beneficial for tissue preservation. 
The Iceman collagen, moreover, was found to be slightly stiffer than recent collagen, 
indicating that dehydration due to freeze-drying changed the mechanical properties of the 
tissue. This change likely improves the resilience of the freeze-dried collagen, stiffens the 
skin, and in turn maintains the skin’s protective function that prevents the underlying tissue 
from decomposing.  
Finally, also the preservation of red blood cells in wound tissue samples from the Iceman was 
observed. Single and clustered red blood cells were found whose morphological and 
molecular characteristics were similar to those of recent red blood cells. The ancient 
corpuscles moreover featured the typical red blood cell structure that indicates the 
preservation of healthy cells in Iceman tissue. Because fibrin, a protein formed during blood 
coagulation, was also detected, it appears that the clustered cells resembled remnants of a 
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blood clot. The structure of the blood clot, stabilised by fibrin, may have been a protective 
envelope, which prevented the red blood cells from decomposing. Nonetheless, Raman 
spectra of the cells provided first indications of slight red blood cell degradation.  
These investigations emphasise the fundamental importance of the substructure and molecular 
arrangement of tissues, indicating that a tissue’s overall function and stability correlate with 
its molecular properties, in particular, the degree of cross-linking and the arrangement of the 
tissue molecular constituents. Last but not least the results show that ancient tissue can be 
preserved and its molecular properties probed and addressed even after millennia. 
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1. INTRODUCTION 
1.1 DECAY AND PRESERVATION 
The process of fragmentation into molecular building blocks, defined as decay or 
decomposition, is common for biologic soft tissue. While anorganic materials of vertebrates 
such as hydroxyapatite in bone or tooth enamel are more resistant, organic compounds such 
as the proteins of the cytoskeleton or the phospholipid membrane of vertebrate cells are 
usually prone to decay because organic intra- and inter-molecular bonds are weaker than those 
in anorganic structures. The weaker bonding facilitates the decomposition of biological soft 
tissue, which is important because the disassembly of complex biological structures liberates 
their molecules and makes them available to be recycled in new living tissue [1].  
Decay first and foremost arises from enzymatic activity. Usually, the enzymes involved in the 
decay of organic tissue emanate from the body’s own cells. They originally catalyse various 
processes such as the digestion of nucleic acids, proteins, carbohydrates, and lipids. Once an 
organism dies, the cells are no longer supplied with nutrients and oxygen. Hence, also the 
cells perish, lose their capacity to regulate their enzymes, and are subsequently themselves 
digested or autolysed. In the later stages of decomposition, enzymes may also be secreted 
from bacteria that infest the dead. Additionally, non-enzymatic mechanisms such as 
environmental influences; the action of insects or other scavengers; or chemical changes, e.g., 
oxidation, hydrolysis, or esterification, can cause biomolecular degradation [1].  
Nonetheless, fortunate circumstances may prolong the process of decay. If the enzymatic and 
non-enzymatic activities are slowed down or hindered by rapid desiccation, changes in the 
pH, low temperatures, or a protective environment, decomposition is decelerated [1]. 
Protective environments seem to be particularly beneficial for preserving biomolecules in 
fossil samples. Fragile organic substances can be protected in sandy lagerstätten from 
degradation by ultraviolet (UV) irradiation, oxidation, or changes in temperature and pH [2]. 
When additionally encapsulated within anorganic matrixes such as the mineral phase of bone 
or mineralised soft tissue [2; 3], organic biomolecules have been preserved in prehistoric 
samples as old as 80 million years. For example, protein fragments were found in fossilised 
bones of Brachylophosaurus canadensis [4], Tyrannosaurus rex, Triceratops horridus [5; 6], 
and Mastodon, and their peptide sequences have been identified [4; 7].  
Contrary to fossilised tissue, in which anorganic minerals replace the majority of organic 
molecules, soft organic tissue can be found in considerable quantities in younger samples. 
Mummified tissue, dead organic tissue that was transferred into a state of arrested decay 
resembling the morphology of the living [1], is particularly rich in biomolecules. The process 
of mummification may thereby be the reason why biomolecules are so well preserved in some 
samples. The most common mechanism that causes mummification is desiccation, i.e., drying 
by the removal of water. Desiccation can occur spontaneously under suitable climatic 
conditions such as in dry, hot, or cold regions, which are typical of highlands [8] or deserts 
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[9]. Additionally, mummification can be induced by ventilation [10], i.e., a continuous or 
frequent airflow, as found in caves, crypts, or at high altitudes. Dehydration of the tissue may 
also occur spontaneously or artificially if the tissue encounters alcohol or salt (natron), which 
withdraws the water from it. 
Revealing preserved prehistoric or ancient biomolecules is of utmost interest because 
uncovering their genetic code provides insight into evolutionary adaptation processes, 
evolutionary relationships between species [6; 11; 12], and the evolution of diseases [13; 14; 
15]. For example, the characterisation of prehistoric collagen samples supported the bird-
dinosaur clade [4], the analysis of ancient Neanderthal deoxyribonucleic acid (DNA) revealed 
that modern humans and Neanderthals diverged approximately 500,000 years ago [12], and 
preserved mammoth DNA revealed that mammoths were more closely related to Asian than 
to African elephants [16]. In addition, analysing preserved organic molecules can reveal the 
health status of an individual and aid in reconstructing living conditions millennia ago. 
Finally, uncovering ancient soft tissue can offer insights in the resistance to degradation of 
certain biomolecules, and investigating their composition or mechanical properties may 
provide insight on tissue preservation.  
Although finding, identifying, and analysing ancient biomolecules is still challenging, this 
work addresses these issues and provides lessons learned from biomolecules found in the 
5300-year-old tissue of the glacier mummy, the Iceman.  
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1.2 THE ICEMAN 
In late summer of 1991, the melting snow and ice and retreating glaciers in the Alps 
uncovered a human corpse at an altitude of 3210 meters above sea level at the Tisenjoch in 
South Tyrol, Italy. The naturally mummified body of a man, the so-called Iceman, and several 
artefacts were found, lying distributed in an approximately 40-m long, 5- to 8-m wide and 2- 
to 3-m flat hollow in which they were presumably protected from being dragged and crushed 
by the glacier ice that slowly flowed across them. After recovery, radiocarbon dating (C-14) 
revealed that the man and the objects were witnesses of an era roughly 5300 years ago [17]. 
Thus, this mummy is one of the oldest human mummies worldwide. In addition to its historic 
age, the quantity and type of associated finds are unique.  
The artefacts found with the mummy from the Tisenjoch appear to be ordinary equipment for 
daily use in late Neolithic times. The finds included the clothes that the mummy was dressed 
in (fur coat, leather leggings, leather belt, leather loincloth, fur moccasins, fur hat) [18] and 
several pieces of equipment such as a back-carrier frame, a bow, a quiver with arrows, and a 
hatchet with a copper blade, to name a few.  
Moreover, the mummy itself attracts great interest because the corpse was extremely well 
preserved over the millennia. All body parts [19] as well as the skeletal and some nervous 
tissue components were found intact [20]. Analysis of tissue fatty acid profiles revealed that 
the Iceman was better preserved than much younger corpses buried in neighbouring glaciers 
[21]. Also, the gross structure of the mummy skin was intact, exhibiting the distinct layers of 
stratum corneum and the dermal skin layer, although the epidermis was missing [22]. While 
these results shed light onto the degree of preservation, several questions such as the process 
of mummification and the events leading to Iceman’s death, still remain. In the cases of other 
freeze-dried mummies, for example, the crew members of the Franklin expedition found in 
the ice of the Canadian Arctic [23], the mummies of Scythian chiefs that were naturally 
preserved in ice lenses that arose within their kurgans (tombs) [24], and the mummified 
bodies of mammoths found in permafrost soil [25; 26], low temperatures coupled with tissue 
desiccation promoted mummification, preserving mummified tissue for up to some 10,000 
years [27]. In the case of the Iceman, the situation seems to be slightly more complex. The 
Iceman is a wet mummy, with the body tissue being still moist. Thus, the mummy did not 
completely desiccate. Some theories account for this suggesting that the corpse was rapidly 
desiccated by wind, covered by a protecting layer of snow shortly afterward and subsequently 
enclosed in ice. Before or during the mummification, however, the body may have been 
exposed to water [21; 28]. Another theory suggests that the mummy was freeze dried and that 
most of the water in the frozen tissue was sublimated into air bubbles, which are commonly 
present in ice [1]. Both scenarios are conceivable, and even a combination of them is possible. 
Nonetheless, these theories are still under debate and remain to be clarified.  
Finally, the obscure circumstances leading to the death of the man have to be addressed. 
Shortly after the Iceman’s recovery, it was proposed that the man might have been in a state 
of exhaustion, had laid down, fallen asleep and froze to death with subsequent mummification 
as a consequence of adverse weather conditions [19]. Later, radiological analyses revealed a 
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series of fractures and fissures of the skull and ribs, which were interpreted as resulting from a 
violent conflict or an accident that the man suffered prior to his death [29]. This hypothesis 
was extended to a disaster theory proposing that the Iceman sustained physical injuries and 
the loss of or damage to parts of his equipment in unusual violent events [30]. Nowadays, it 
seems clear that the man died a violent death. Although some of the bone fractures may have 
been caused while the mummy was encased in or removed from the glacier ice, further X-ray 
examinations disclosed a hole in the left shoulder blade and an arrowhead in the mummy’s 
thorax [31]. The arrowhead was surrounded by dense tissue interpreted as a haematoma. 
Pathologic investigations also revealed a fresh skin wound, presumably the arrowhead point 
of entry, on the Iceman’s left back leading to a tunnel through the shoulder blade hole [31]. 
Further re-examinations of the mummy revealed another wound on the right hand [32]. 
Histological and histochemical analyses showed that the Iceman may have sustained this stab 
wound a few days before his death [32; 33]. The arrow wound and a small suffusion lesion on 
the back, however, seem to be fresh injuries that were not survived for long [33]. Although 
there was no direct determination of blood or its residuals in the wound tissue, which could 
clarify the chronological suffering of the injuries, the Iceman’s cause of death was 
presumably the injury of the brachial artery by the arrowhead, which caused acute inner 
bleeding [33; 34]. 
These circumstances and discoveries make the Iceman an extremely valuable and interesting 
mummy for scientific investigations. In this work, the analysis of the Iceman’s tissue is 
described. Molecular properties of preserved biomolecules were analysed and used to draw 
insights into their resistance to degradation. Moreover, some of the results confirm the 
Iceman’s final trauma theory and provide an explanation for the overall tissue preservation. In 
the following chapter, the experimental methods used, atomic force microscopy (AFM) for 
high-resolution imaging and mechanical property investigations on the nanoscale as well as 
Raman spectroscopy for molecular composition testing, are explained. In chapters 3 and 4, the 
unique structural arrangements of the main structural proteins and the major blood corpuscle 
of vertebrates, collagen and red blood cells, are given. Subsequently, clear evidence for their 
preservation is shown. Finally, the experimental results are followed by a summary, 
references, and the referring articles.  
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2. EXPERIMENTAL METHODS 
To study ancient tissue, scientific techniques customary in medicine, molecular biology or 
genetics are being used. Optical microscopy or radiographic methods such as two-
dimensional X-ray imaging [35] and three-dimensional visualisation by computerised X-ray 
Tomography (CT) [36; 37; 38] are common. Also, newer imaging and analysis techniques 
such as nuclear magnetic resonance imaging (NMR) [39; 40; 41; 42] scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) are being used more 
frequently. Moreover, genetic sequencing of minute quantities of ancient DNA can be 
achieved after the DNA fragments are amplified by the polymerase chain reaction (PCR) [43]. 
In the following sections, AFM and Raman spectroscopy, two quasi-non-invasive 
measurement techniques used for imaging, testing the mechanical properties, and molecular 
characterising of rare and valuable ancient samples, are introduced. 
2.1 ATOMIC FORCE MICROSCOPY 
Since its invention in 1986 [44], atomic force microscopy (AFM) has become an invaluable 
technique in surface science. Its popularity is due to its versatility [45]. Among other 
applications, the microscope combines imaging at atomic resolution [46; 47; 48; 49], probing 
mechanical properties [50; 51; 52; 53; 54], and nanoscale structuring of surfaces [55; 56; 57]. 
It can be operated at ambient conditions, in liquids or in vacuum, and there are no restrictions 
on the sample material analysed. Inorganic, organic, conductive and isolating samples can be 
probed. Images are obtained with nanometre or even angstrom resolution that can facilitate 
single-molecule spectroscopy and the determination of molecular structures [58; 59; 60; 61]. 
In addition, the nanomechanical properties, such as elasticity, hardness, adhesion, or surface 
charge, of a material or a thin surface layer can be examined by nanoindentation, or force 
spectroscopy measurements.  
2.1.1 Microscope Principle and Imaging Modes 
As the name implies, atomic force microscopy probes the forces acting between the atoms of 
two separated surfaces, those of a sample and those of the AFM tip. The tip (typical radius of 
curvature 10-20 nm) is thereby an integral part of a flexible cantilever (figure 2). The tip and 
the cantilever are usually microfabricated from silicon or silicon nitride [62]. The forces 
acting between the atoms of the tip and the atoms of the sample surface are either attractive, 
repulsive, or both and scale by the tip-sample distance. Long-range surface forces such as 
magnetic, electrostatic and van der Waals interactions can impair the cantilever up to 
distances of microns. In contrast, short-range forces, such as Pauli repulsion, dominate near 
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the surface. The Pauli repulsion and van der Waals attraction are often combined in the 
Lennard-Jones potential VLJ(d) (figure 1) as approximated by 
 VLJ(d) = 4ε
σ
d
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, Eq. (1) 
where the factor ε correlates with the depth of the potential energy minimum; σ is the distance 
at which the tip-sample potential equals zero, and d represents the instantaneous tip-sample 
distance. The negative term in equation 1 accounts for the attractive van der Waals forces. 
These intermolecular dipole interactions arise from temporary charge fluctuations in the 
atoms of the tip or the sample, e.g., changes in the electron density of the atomic orbitals [63; 
64]. The positive term indicates the short range Pauli repulsion, which occurs when the 
electron orbitals of the tip atoms and sample atoms overlap, as is the case in the AFM contact 
mode. 
 
Figure (1): Lennard-Jones potential describing the distance dependence of the interaction forces 
between the tip and sample. The red curve accounts for the attractive van der 
Waals forces; the black curve indicates the Pauli repulsion. The addition of these 
two terms, corresponding to the Lennard-Jones potential, is shown in blue. 
In this basic operation mode, the tip is brought into mechanical contact with a sample surface 
and scanned over it. Such surface scans are actuated by piezo-electric elements that are 
capable of accurate movements with angstrom precision. By measuring the tip-sample 
interaction forces on consecutive positions, a topographic map of the surface is created. The 
tip-sample interaction forces are thereby converted to a cantilever deflection. Using the 
optical lever method [65], in which a laser beam is focused on the back side of the cantilever 
and reflected to a position-sensitive quadrant photodetector, the sample topography can be 
reconstructed from the cantilever deflection (figure 2). 
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Figure (2): Centrepieces of an AFM setup. A microfabricated tip, the integral part of the 
cantilever, is in close proximity to the sample surface. While scanning across the 
surface, the cantilever deflects depending on the sample topography. The 
deflection is detected by a laser-photodiode system (Drawing courtesy of S. Kloft). 
At the resting position, i.e., when the cantilever is far away from the sample and there are no 
tip-sample interaction forces, the reflected laser beam is centred on the photodiode. As a 
result, the current induced in each segment is equal, and the difference between the signal 
from the top and bottom or the left and right detector segments compensates each other. As 
the cantilever approaches the sample, the tip-sample interactions increase, causing the 
cantilever to deflect and the photocurrent signal to change.  
In contact mode, the differential signal between the top and bottom photodiode segments is a 
function of the vertical bending of the cantilever and thus the sample topography. The 
differential signal between the left and right segments corresponds to the horizontal deflection 
of the cantilever and is attributed to frictional forces acting between the tip and the sample 
[66]. In constant force mode, a feedback system adjusts the cantilever-sample distance and 
hence the force, Fc, applied by the tip on the sample. Using Hook’s law, the loading force can 
be calculated as follows:  
 .ccc dkF −=  Eq. (2) 
Here, dc corresponds to the cantilever deflection, and kc is the cantilever spring constant. For a 
rectangular cantilever, the spring constant is given by 
 
3
3
4L
Ewt
k cc =
, Eq. (3) 
where E is the cantilever’s Young’s modulus, and w, tc, and L are its width, thickness, and 
length, respectively [67]. However, the thickness is rarely accessible and determining the 
Young’s modulus is difficult because cantilevers are often made of several materials. 
Therefore, calculating the cantilever spring constant based on its geometry is problematic. 
Currently, the thermal noise method [68; 69] is used to define the cantilever spring constant. 
The calibration is based on the Brownian motion of molecules in a fluid (e.g., air) that hits the 
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cantilever and excites it to freely oscillate. The Hamiltonian of a harmonic oscillator driven 
by this thermal noise is 
 
22
0
2
2
1
2 c
dm
m
p
H ϖ+=
, Eq. (4) 
with p being the momentum of the oscillator, m its mass, and ϖ0 its angular resonant 
frequency. Concerning the equipartition theorem, in which the average energy of each 
quadratic Hamiltonian term and thus each degree of freedom equals kBT/2, one obtains [68] 
 
Tkdm Bc 2
1
2
1 22
0 =ϖ
, Eq. (5) 
where kB is the Boltzmann constant and T the temperature of the system. Considering small 
cantilever deflections and neglecting other elastic modes due to their much higher spring 
constants, the AFM cantilever can be modelled as a simple harmonic oscillator with one 
degree of freedom [68]. With an angular resonant frequency of 20ϖ =kc/m, equation 5 yields  
 
2
c
B
c
d
Tk
k =
. Eq. (6) 
Hence, the spring constant can be derived from the mean-square cantilever deflection 2cd  
due to thermal fluctuations. These assumptions are adequate, although some corrections are 
necessary to compensate for higher modes of vibration [70].  
In addition to the static contact mode, AFM can also be conducted in dynamic modes. These 
modes facilitate less sample and tip wear, result in higher resolution, and can allow for 
chemical identification of surface atoms and measure of short-range forces.  
In the so-called tapping or amplitude modulated (AM) mode, the cantilever is externally 
driven, oscillating close to or at its first flexural resonant frequency [71]. Rather than the 
static deflection of the cantilever in the contact mode, the value of the cantilever oscillation 
amplitude is used as the feedback signal. The AM mode was originally established to measure 
surface forces without tip-sample contact [72]. The cantilever was operated far away from the 
surface in the attractive van der Waals force interaction regime [72]. Performing the AM 
mode in the repulsive force regime [71] established the use of tapping mode AFM for high 
resolution sample imaging [73]. In the tapping mode, the AM feedback system controls the 
cantilever-sample distance so that, at the lower turning point of an oscillation, the AFM tip 
shortly “touches” or “taps” the sample [74]. This temporary contact eliminates lateral shear 
forces and enables the imaging of soft and delicate materials. The force acting between the tip 
and the sample is proportional to the difference between the amplitude of the freely oscillating 
cantilever and the surface-damped cantilever oscillation [71; 75]. Thus, the feedback system 
also indirectly regulates the applied force while imaging. Due to the relatively large 
oscillation amplitude, usually 20 nm to 100 nm [71], repulsive and attractive tip-sample 
interaction forces affect the cantilever. During one oscillation cycle, the tip passes the upper 
oscillation turning point, i.e., the point at which the tip-sample distance is at its maximum and 
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van der Waals attraction prevails, and the lower oscillation turning point, i.e., the point at 
which the tip touches the sample and the force interaction is dominated by the Pauli repulsion. 
Near the surface, short-range Pauli repulsion forces induce changes in the oscillation 
amplitude due to damping and energy dissipation [76; 77]. The feedback system detects this 
perturbation and readjusts the amplitude setpoint value by changing the cantilever-sample 
distance. However, changes in the oscillation amplitude are a consequence of a shift in the 
cantilever resonance frequency. As elucidated in figure 3 [78], a shift in the cantilever 
resonance frequency, e.g., due to energy dissipation, causes a phase shift ∆φ between the 
cantilever resonant frequency and the excitation frequency and, as a result, changes the 
oscillation amplitude [76; 79]. 
 
Figure (3): Effect of frequency and amplitude shift in amplitude-modulated AFM imaging. 
“Reprint with permission from T. R. Albrecht, Journal of Applied Physics, 69, 2, 
(1991). Copyright 1991, American Institute of Physics” [78]. 
The angular resonant frequency of the cantilever is given by 20ϖ =keff/m, where keff is the 
effective spring constant and m the effective mass of the cantilever. The effective spring 
constant is the sum of the cantilever spring constant kc and the force gradient zF ∂∂ /  acting 
on it [78]. 
 
zFkk ceff ∂∂+= /  Eq. (7) 
The effect of a phase shift, which can provide information about adhesion forces between the 
tip and sample surface [80; 81] and illustrate the energy dissipation of the sample [74; 76], is 
utilised in phase imaging. 
Compared to amplitude modulation AFM, in frequency modulation AFM (FM-AFM), also 
called non-contact mode AFM (NC-AFM), the cantilever is excited to oscillate with a 
constant amplitude, A0 [78; 82]. Although the AFM tip is oscillating in proximity to the 
surface, the amplitude is kept small so that the tip never touches the surface. The cantilever-
sample distance is in the attractive regime of the surface potential. Raster scanning the tip 
over the surface creates an image of the force gradient variations above the surface. In the 
non-contact mode, two feedback loops, an amplitude-controlled and a distance-controlled 
loop, are used [66; 78]. To maintain constant amplitude, the cantilever deflection signal is 
measured, filtered through a bandpass and fed into a so-called rms-dc converter [82]. Here, 
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the rms value of the cantilever oscillation amplitude is converted to a dc signal output. This dc 
signal is added to the inverted value of a rms setpoint amplitude [82]. This yields the 
amplitude error, which is subsequently processed in a controller, multiplied with a π/2 phase 
shifted cantilever oscillation and finally fed back to drive the cantilever actuator [82]. Such a 
setup adjusts itself, i.e., the positive feedback actuates the cantilever oscillation and drives it 
solely at the actual resonance frequency. The second feedback loop is used to control the 
cantilever-sample distance. Once the cantilever deflection signal is filtered, it is fed into an 
analogue frequency-voltage converter, a digital frequency counter or a phase-lock-loop (PLL) 
detector to measure the oscillation frequency [78]. The shift in resonance frequency ∆f due to 
detuning of the oscillation by a force gradient zF ∂∂ /  is detected and used as feedback to 
control the cantilever-sample distance [78; 82]. This signal corresponds to the topography of 
the surface. In FM-AFM, true atomic resolution of sample surfaces is feasible [47; 83]. 
Besides, single atom manipulation [84] and single atom chemical identification [85] are now 
routinely performed.  
2.1.2 Local Force Measurements 
Apart from high-resolution imaging, AFM can be used to determine the local mechanical 
properties of a material by performing AFM force measurements. A defined tip geometry and 
size enables direct observation of the force interactions between nanoscale objects such as 
single molecules [59]. In force measurements, the force F acting between the tip and the 
sample is plotted as a function of the vertical tip-sample distance d [86; 87]. The so-called F-d 
curve is obtained by approaching and retracting the AFM tip perpendicularly (z-piezo 
approach) towards the sample and simultaneously recording the z-piezo displacement z and 
the cantilever deflection dc [88; 89]. These values are later converted to the applied force and 
tip-sample distance. 
 
Figure (4): Basic F-d curves obtained on an ideally elastic (a), ideally plastic (b), and an elasto-
plastic (c) material. 
By analysing the approach and withdraw segments of F-d curves, three different material 
responses can be observed [90; 91]. If the approach and withdraw curve coincide, then the 
elastic behaviour of a sample is measured (figure 4a). Here, the sample elasticity causes the 
specimen to regain its original shape. The force that drives shape recovery is as large as the 
penetration force of the tip and acts against it.  
If the force in the unloading curve drops instantaneously to zero (figure 4b), then the sample 
is an ideal plastic. Here, the specimen undergoes an irreversible deformation during the 
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loading and does not regain its shape after unloading. The plastic deformation will then equal 
the maximal penetration depth [88; 91].  
The most common case is a combination of the two behaviours, elastic and plastic, described 
above [88; 91]. In the elasto-plastic behaviour, the sample first responds elastically to a load. 
As soon as the acting force exceeds a sample-specific value, the material deforms plastically. 
The reset force of the unloading curve will be less than the force of the loading curve 
(figure 4c).  
 
Figure (5): Basic Force vs. distance curve for an ideally elastic sample with marked interaction 
regions. The approach and withdraw curves are coloured in blue and red, 
respectively. The line at F0 defines the zero-force, the non-contact and the contact 
region. 
A basic F-d curve of an ideally elastic sample is shown in figure 5. In general, F-d curves can 
be divided into three interaction regions [86; 92]. The zero force region is where the tip is far 
away from the sample and only long-range electrostatic or magnetic forces prevail. The non-
contact region describes where attractive interaction forces between the tip and sample, 
mainly van der Waals and capillary forces, begin to pull the AFM tip towards the surface [86; 
93] and bend the cantilever downwards. Finally, the contact region is where the tip is in 
contact with the surface and further approach causes the cantilever to deflect upwards and the 
F-d curve to become sloped. The slope of the curve thereby represents a qualitative value of 
the stiffness of a sample [53; 89].  
As soon as the maximum force or setpoint cantilever deflection is reached, the tip is 
withdrawn from the surface. The unloading force then continuously decreases, and the three 
F-d curve regions are run in reverse order. In the beginning of the non-contact region, the tip 
is separated from the sample. This separation occurs when the pull-off force equals the 
adhesive tip-sample interaction forces. Finally, the cantilever returns to the zero force region, 
the quasi-equilibrium position far away from the surface [89]. 
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2.1.3 Contact Mechanics 
Analysing F-d curves can reveal a large number of surface features such as the chemical, 
mechanical and adhesive properties of a material. Contact mechanic theories are applied to 
extract information on the elastic properties of a material from the F-d curves. These theories 
relate the load applied, to the deformation and Young’s modulus of the sample [89]. The basic 
contact mechanic model is the Hertz theory, which describes the deformation of two elastic 
spheres pressed against one another [94]. This model can be easily applied to the flat punch 
between a tip and a sample. However, the Hertz model is only suitable if adhesion forces are 
neglectable or are much smaller than the maximum load applied. If adhesion occurs [87], then 
the Derjaguin-Muller-Toporov (DMT) model, which considers adhesive forces acting outside 
the contact area, or the Johnson-Kendall-Roberts (JKR) model, which considers adhesive 
forces acting inside the contact area, can be used. The most general theory, however, is the 
Maugis-Dugdale model, which combines the Hertz, DMT and JKR models and describes the 
elastic deformation of all samples in the presence of adhesion (figure 6). In all models, the 
samples are assumed to be solid, continuous elastic media, i.e., plastic deformations are 
ignored [88].  
 
Figure (6): Hertz (a), DMT (b), JKR (c), and Maugis-Dugdale (d) model of an elastic sphere 
with radius R indenting a rigid flat sample. The contact radius, a, between the 
sphere and the sample surface depends on the loading force, F. The Hertz theory 
neglects surface forces and adhesion between the two bodies. In the DMT model, 
adhesion is only considered outside the contact area. The JKR theory considers 
adhesion inside the contact region. The Maugis-Dugdale model covers the 
interaction of surface forces around and within the contact region of the bodies. 
The crucial parameter in each model is the contact radius a. In the Hertz theory, a can be 
derived from geometrical considerations and the reduced Young’s modulus. Assuming a 
limiting case of the Hertz model (the radius of one sphere tends to infinity) in which a smooth 
elastic sphere (indenter) with radius R is pressed against a flat rigid surface (sample) with an 
external force F (figure 6a), the contact radius a is [88] given by  
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in which the reduced Young’s modulus E*, a combination of the Young’s moduli and Poisson 
ratios of the sample (Es, νs) and the indenter (Ei, νi) [90; 95; 96] is given by  
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The deformation, di, of the spherical indenter can then be calculated by 
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Transferring the Hertz model to a rigid AFM tip pressed against an elastic surface (figure 7) 
requires extending the model [95] because indentations may not be shallow and the 
deformation of the sample and tip must be taken into account [97].  
  
Figure (7): Deformation of a sample surface due to an indenting tip with radius R. The surface 
is indented by the distance ds.  
For a spherical indenter, the surface deformation, ds, of the sample [97] is given by  
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The force, F, exerted by the tip on the surface results to 
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The force, F, applied by other rotationally symmetric indenters such as a conical tip or a 
parabolic shaped indenter [54; 95; 96], is defined as  
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and the contact radii a are given by 
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θtan2
=
, Eq. (15) 
 sparaboloid
Rda =
, Eq. (16) 
with θ being the half cone angle of the conical indenter. The cone approximation is suitable 
when soft samples are analysed, whereas a spherical or paraboloid approximation is 
appropriate for harder samples [98] because at the same loading force, the indentation into a 
soft sample is larger compared to the radius of curvature of the tip. Thus, the contact area 
becomes more conically shaped. For rigid surfaces, the indentation is small; hence, only the 
spherical apex of the tip penetrates the sample. 
If surface forces between the tip and the sample cannot be ignored, the Hertz theory has to be 
modified.  
In the DMT model [99], not only the applied loading force, F, but also the forces acting 
outside the contact region between the sphere and the rigid flat surface are considered 
(figure 6b). The deformation of the elastic sphere is described in accordance to the Hertz 
theory, but additional van der Waals forces that increase the contact radius a between the 
sphere and the solid plane surface are introduced. The increase in the contact radius a [88] is 
given by  
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The first term accounts for the contact radius following the Hertz theory. The second term 
represents the adhesive surface forces around the contact area with W being the adhesion 
work at contact. The latter can be calculated from the jump-off-contact region in the F-d 
curve. The deformation of the spherical tip [89] is given by  
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Upon withdrawing the tip from the sample, the contact area decreases until, at zero loading 
force, the pull-off or adhesion force reaches its maximum. The corresponding contact radius 
a0 is  
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In the non-adhesive case, the contact radius is confined to the radius given by the Hertz 
model. The DMT model is applicable for rigid surfaces with low adhesion and for small 
indenter radii [88]. In the case of highly adhesive soft samples and AFM tips with large radii, 
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the Hertz equation is modified, as in the JKR model [100]. In this theory, long-range forces 
outside the contact area are neglected, and only short range forces inside the contact region 
are considered (figure 6c) [88]. In contrast to the DMT model, the surface deformation of the 
sample due to adhesion forces is taken into account. The contact radius a is given by 
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Again, in the non-adhesive case, i.e., when W equals zero, the JKR model coincides with the 
Hertz model. The sample deformation [88] is  
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When unloading the sample, a neck between the tip and the surface is formed, which abruptly 
ruptures once the pull-off force exceeds the adhesion force. The contact radius of the finite 
contact area between the tip and sample at zero load equals  
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The JKR theory accurately predicts the force-deformation relation for high-surface energy 
materials and large tip radii. The DMT model more precisely describes stiff bodies with small 
surface energies and small tip radii. Both theories, however, lack the scope of elastic 
deformations between these limiting cases. The Maugis-Dugdale model [101] (figure 6d) is 
the most complete theory describing the elastic deformation of materials with the 
dimensionless parameter η given by  
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where D0 is a typical atomic dimension [89]. For soft, large and adhesive materials, the 
parameter η becomes large, whereas hard, small, and low surface energy materials have a 
small η. The Maugis-Dugdale model treats adhesion as it were a steady stress acting circularly 
around the contact region [88]. The dimensionless contact radius γ is given by  
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and the dimensionless penetration depth δ is calculated from 
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The penetration depth can also be written as a function of the dimensionless contact radius γ 
[88] yielding  
 
1
3
4 22 −−= Mmηγγδ
, Eq. (26) 
where mM is the ratio between an circular adhesion region around the contact area, and the 
contact radius a. For η → 0 or for η → ∞, the corresponding DMT or JKR sample 
deformations, respectively, are revealed [88]. 
The F-d curves analysed in this study were evaluated using the Hertz model because sample 
indentations were small and sample deformations were within the elastic regime. Due to the 
small sample indentation, the area of contact was smaller than the radius of the tip and the 
sample. In addition, adhesion forces are negligible in mummified, dried, ancient tissue 
samples. 
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2.2 RAMAN SPECTROSCOPY 
Based on the assumptions of Compton, which explain X-ray (high energy photons) 
scattering in matter (Compton effect), C. V. Raman and K. S. Krishnan examined the 
scattering of monochromatic light (lower energy photons) in liquids and gases. Similar to the 
Compton effect, they discovered that two types of photons scattered on the molecules of the 
media. The scattered light predominantly had the same wavelength as the incident light; 
however, a small amount of the scattered photons had a lower frequency and thus larger 
wavelength (Raman effect) [102; 103; 104]. Because this energetic shift in the photons 
depends on the scattering partners involved, the frequency shift of the scattered photons 
provides a molecular fingerprint of the analysed sample. As for AFM, there are nearly no 
limitations on the material examined by Raman spectroscopy. The Raman effect, however, 
may not be observed in all samples. For example, the autofluorescence of certain materials 
may superimpose the Raman spectrum. The process of light scattering that determines Raman 
spectroscopy is discussed in more detail in the following sections. 
2.2.1 Scattering of Light in Matter 
The propagation of electromagnetic waves is significantly influenced by the medium they 
travel through. Interactions between electromagnetic radiation, such as light, and the 
molecules or atoms of a sample, result in reflection, diffraction, absorption, or scattering of 
the incident photons (figure 8).  
 
Figure (8): Possible interaction processes between light and matter. Amongst others, the 
incident photons may experience reflection, diffraction, absorption or scattering.  
Absorption and scattering are usually accompanied by a transfer of energy. In general, as 
stated by Bohr’s frequency condition, the energy transfer from an electromagnetic field to an 
atom or molecule can only appear if 
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 Eq. (27) 
is satisfied [105]. Here, h is Planck’s constant; f is the frequency of the electromagnetic wave; 
λ is its wavelength, and c is the velocity of light. Once the energy of the incident photons 
matches the energy difference, ∆E, between two energy states of an atom or a molecule, 
absorption can occur. As a result, the atom or molecule is excited into a higher electronic or 
vibrational state. While relaxing, the absorbed energy, ∆E, is released via non-radiative (heat) 
or radiative (fluorescence) transitions [106].  
Scattering occurs when the incident photon energy does not match ∆E between two real 
energy states. In this case, the electromagnetic wave stimulates oscillations in the atoms or 
molecules, inducing dipoles, which themselves emit electromagnetic radiation in diverse 
spatial directions. The scattering can be either coherent or incoherent. Coherent scattering 
occurs when the excited sample atoms oscillate in phase and emit electromagnetic radiation in 
designated spatial directions. Although every atom can emit energy isotropically, the total 
direction of the radiation is given by the constructive interference of the waves of all the 
dipoles. Thus, irradiating a crystal with regularly arranged atoms, in which the distance 
between the atoms is small compared to the wavelength of the incident light, the propagation 
of the overall electromagnetic wave front will be in the direction of the incident plane-
polarised electromagnetic wave. This process does not occur for irregularly arranged or 
thermally fluctuating atoms. The incident radiation induces or boosts the oscillations of the 
atoms, which oscillate without any phase coherence, leading to a statistically distributed 
emission of electromagnetic waves and incoherent scattering [107].  
Scattering is also classified in terms of energy. Elastic scattering can be described as a 
particular case of an elastic collision between an incident photon and matter. It is considered 
as the absorption of the incident photon by the matter and, thus, an excitation of the matter 
followed by an immediate relaxation by emission of heat or reemission of a photon [106]. 
Because no energy transfer occurs in elastic scattering, the wavelength and frequency of the 
reemitted photon is equal to that of the incident photon.  
In contrast, the energy of an inelastic scattered photon is different than the energy of the 
incident photon. Inelastic collisions between photons and matter cause a partial transfer of 
energy from the photons to the matter, e.g., the excitation of phonons in a crystal lattice or the 
induction of molecular vibrations (energy transfer to the matter). Depending on the excitation 
state of the matter, both a loss and a gain in the energy of the scattered photons are feasible 
(energy transfer to the photon). As a consequence, the photon energy is different from the 
energy of the incident photon.  
A mathematical description of Raman spectroscopy and the Raman effect is given in the 
following section. The elucidations are based on the book “Introductory Raman 
Spectroscopy” by Ferraro et al. [105]. 
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2.2.2 Raman Spectroscopy and Raman Effect 
In Raman spectroscopy, the elastically scattered (Rayleigh) and inelastically scattered 
(Raman) photons, induced by the Raman effect, are analysed to address the molecular 
composition of a sample. The sample is irradiated with intense monochromatic light, usually 
from a laser beam in the UV, visible, or near-infrared spectral range, and the backscattered 
light is detected. Intense excitation beams must be used because Raman scattering is a rare 
process. Only a small amount of the incident photons are scattered inelastically and spectrally 
shifted. The shift of the incident photon frequency, f0, depends on the vibrational frequency, 
fm, of the sample molecules. The Raman spectrum thus represents the shift in frequency 
relative to the excitation frequency. Describing the electric field strength (Φ) of the incident 
photon as 
 tf00 2cos πΦ=Φ , Eq. (28) 
where Φ0 is the vibrational amplitude of the wave and t the time of the fluctuation, the process 
of Raman scattering can be explained classically. Upon irradiating a diatomic molecule with a 
laser, an electric dipole moment, P, is induced, which is given by 
 tfP 00 2cos παα Φ=Φ= . Eq. (29) 
The proportionality constant α therein denotes the affinity of the charge distribution of the 
molecule, i.e., the electron cloud of the molecule, to be distorted by the electric field of the 
photons. This affinity is called polarisability and is typically dependent on the orientation of 
the molecular axis relative to the incident electric field. Given that the diatomic molecule 
vibrates with the frequency fm and the vibrational amplitude q0, its nuclear displacement, q, 
can be written as  
 tfqq mπ2cos0= . Eq. (30) 
If the vibrational amplitude is small, then the polarisability α is a function of the nuclear 
displacement, q, with  
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Here, the polarisability at the equilibrium position is α0 and 
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polarisability as a function of the charge, q. Combining equations 29, 30, and 31, the electric 
dipole moment, P, can be rewritten as  
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and with ( ) ( )( )yxyxyx ++−= coscos2/1coscos , we obtain 
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The first term in equation 33 represents the oscillation of the induced dipole, which emits 
light with the same frequency, f0, as the incident photons (elastic scattering). The second term 
describes the Raman scattered photons, which are frequency shifted by f0 - fm and f0 + fm. The 
shift f0 - fm is called the Stokes shift and corresponds to the loss of energy due to the transfer 
of energy from the photon to the matter. This transfer occurs when the incident photons excite 
the matter into a virtual intermediate state, and the matter subsequently relaxes to a 
vibrational state above the ground state via the emission of photons with reduced frequency 
[106].  
 
Figure (9): Jablonski diagrams showing possible transitions between electronic states in 
association with a schematic Raman spectrum. The Jablonski diagrams describe 
the excitation of a molecule from the vibrational ground state, SG, to a virtual state 
below a real excited electronic state, S1. In elastic scattering (Rayleigh scattering), 
the molecule is excited by an incident photon from the ground state into a virtual 
state and subsequently relaxes to the ground state. The released energy is emitted 
as a photon with the same energy, and thus frequency (f0), as the incident photon. 
Inelastically scattered photons are slightly detuned compared to the incident 
photons. Their frequency is either shifted to lower (Stokes shift) or to higher (anti-
Stokes shift) frequencies. 
If the matter is already in an exited vibrational state, then the scattered photons may gain 
energy from the excited matter [108]. This will increase the frequency of the scattered 
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photons and thus their energy. In equation 33, a gain in energy is indicated by the frequency 
shift f0 + fm, denoted the anti-Stokes shift. Inelastic scattering occurs if oscillations or 
vibrations of chemical bonds, or in case of a crystal, of phonons, are excitable. However, 
when the polarisability is constant, and thus the change of polarisability 0
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 equals zero, 
only Rayleigh scattering occurs, and the molecule vibration is not Raman active.  
A generic Raman spectrum, in combination with a Jablonski diagram, illustrating the 
transitions between the electronic states of a molecule, is shown in figure 9. As shown, the 
Stokes and anti-Stokes shifts provide the same spectroscopic information, and it is thus only 
necessary to record one of them. In accordance with the Maxwell-Boltzmann distribution law, 
the Stokes lines are stronger, and therefore, usually only the Stokes photons are recorded. 
2.2.3 The Confocal Microscope Setup 
According to the Rayleigh criterion, the diffraction limited spatial resolution of a 
conventional optical microscope depends on the wavelength of the excitation source and the 
numerical aperture of the objective. The resolution can be enhanced by reducing the 
wavelength of the incident light or increasing the numerical aperture of the optical 
components. Practically, however, aberrations or the sample analysed can also restrict the 
resolution. To remedy these shortcomings, a confocal microscope setup can be used. 
Compared to a standard light microscope, in which a wide area of the sample is illuminated 
and imaged instantaneously, in confocal microscopy only a small focal spot on the sample is 
irradiated and examined. By raster scanning the sample or the illumination spot and recording 
the intensity of the light emitted from each sample point, an image of the specimen can be 
created point-by-point or pixel-by-pixel. The restriction on the analysed sample volume 
reduces interfering background signals from outside the focal area and improves the 
microscopic lateral and vertical resolution [106]. Confocal microscopy, therefore, also enables 
thin sample sections to be imaged, facilitating three-dimensional sample reconstructions. One 
crucial element in a confocal microscope is the pinhole, which is located in the image plane of 
the optical beam path before the spectroscopic detection unit. The size of the pinhole restricts 
the focal depth from which the light is collected (figure 10). 
For the measurements presented in this work, a commercial confocal Raman microscope 
(WiTec alpha 300 R, Ulm, Germany) equipped with an frequency doubled Nd:YAG laser 
(laser wavelength λ = 532 nm) with an maximum laser power Pmax of 22.5 mW was used. The 
light scattered from the sample was detected in backscattering geometry with a vacuum 
sealed, high-sensitivity, back-illuminated CCD camera cooled to -65°C (www.witec.de). To 
obtain either full Raman spectra or high-resolution spectra, the CCD spectrometer was 
operated with a 600 1/mm or an 1800 1/mm grating, respectively. Spectral resolutions of 
approximately 3 cm-1 (0 – 3600 cm-1) or 1 cm-1 (0 – 1200 cm-1) per CCD-pixel, were 
achieved. A multimode optical fibre with a 50-µm core diameter representing the pinhole and 
a standard air object lens with 100x magnification and a numerical aperture NA of 0.90 
complete the microscope setup. Therewith Raman spectra from a sample volume of roughly 
1 µm in focal depth and a spot diameter of approximately 400 nm were recorded.  
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Figure (10): Schematic setup of the confocal Raman microscope. The excitation wavelength is 
coloured in green, the backscattered light is indicated in orange. 
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3. ANCIENT TISSUE PRESERVATION  
3.1 COLLAGEN 
Collagen is the most abundant and versatile biomechanical scaffold protein in the connective 
tissue of animals [109]. In mammals, it is present in the skin, vessel walls, tendons, ligaments, 
and as the organic component of bones and teeth. It promotes the resilience of those tissues, 
maintaining their structure and geometry, and provides them with the required stiffness, 
strength, and toughness. In humans, there are approximately 28 different collagens, which are 
subdivided depending on their function and occurrence [110]. Of those, collagen I may be the 
most important. Besides the above mentioned appearance, collagen I is also common in scar 
tissue, the end product when tissues heal by repair, and in the cornea, where it accounts for 
the optical power of the eye.  
3.1.1 Collagen-based Tissues and Properties 
As its presence in joints or other load-bearing tissues already implies, collagen is a structural 
protein, important for maintaining the mechanical properties of connective tissues. While 
minerals and other organic molecules are also involved, the diverse mechanical requirements 
of the connective tissue are generally met by the arrangement of the collagen fibrils [110].  
Tendons and ligaments are fibrous collagen-rich tissues that are crucial in facilitating the 
locomotion of animals. In both tissues, collagen implements high stiffness and tensile strength 
[111]. In tendons, these characteristics allow for the transmission of forces from contracting 
muscles to the skeleton, whereas in ligaments, they connect bones and support the joints to 
prevent abnormal movements [112]. In tendons, the collagen fibrils are densely packed and 
primarily aligned parallel to the longitudinal tendon axis and thus in the direction of the 
prevalent load. On the micrometer scale, the collagen assembly in tendons moreover shows 
some interweaving, which improves the tendon flexibility and elasticity [111; 113; 114]. This 
interweaving enables the tendon to uptake and release energy of motion with little losses, 
which saves muscular energy [115] and is why tendons are regarded as biological springs 
[116; 117]. Ligaments, in contrast, are more subject to multidirectional load. Therefore, the 
collagen fibrils are less ordered, and the mechanical properties of ligaments are slightly more 
isotropic than those of tendons [112].  
Collagen is also an integral component of skin, confined to the second primary skin layer, the 
dermis. The dermis is streaked by blood vessels, harbours the roots of hairs, multiple glands, 
and is responsible for the skin’s resilience. Close to the epidermis, the topmost layer of skin, 
the collagen fibrils in the dermis are arranged in sheet-like structures that run parallel to the 
skin surface. In deeper regions of the dermis, the collagen is less regularly arranged, is 
frequently interwoven, and forms loosely organised networks [118]. The overall fibril 
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direction remains parallel to the skin surface. The collagen networks strengthen the dermis, 
provide support for the epidermis, and thus maintain the skin’s structure. 
Collagen not only improves the mechanical properties of tissues but also provides unique 
optical properties, which is why the cornea, which is the front part of the eye, is composed of 
collagen [119]. In the cornea, the collagen fibrils are aligned with a high degree of lateral 
order [120] in parallel, lamellar structures and preferentially oriented horizontal and vertical 
to the eye surface [121]. This regular arrangement promotes destructive interference of 
scattered light and the transparency of the cornea [120]. Ultimately, however, collagen also 
conditions the cornea’s strength to withstand the pressure within the eye and the pulling of the 
eye muscles [110].  
Apart from collagen’s high tensile strength, elasticity and optical properties, its stability is 
exceptional. 
3.1.2 Formation and Stabilisation of Collagen 
As discussed, due to the specific tissue needs, collagen is assembled into either ordered or 
random structures. The mechanical properties of collagens are, however, predominantly 
determined on the molecular level. The collagen composition, in general, and the degree of 
collagen cross-linking, in particular, are thereby crucial factors.  
Collagen is produced and secreted by several cells of the connective tissue such as fibroblasts, 
chondroblasts, and osteoblasts. Its biosynthesis takes place on ribosomes where single 
polypeptide α-chains (procollagens) become compounded and subsequently transferred into 
the endoplasmic reticulum [122]. These procollagen chains are composed of a repeating 
amino acid sequence, Gly-X-Y, in which every third position is a glycine [123; 124; 125]. 
The residues X and Y can be any other amino acid, but in roughly 20 % of cases, proline is 
located at the X-position, and hydroxyproline is at position Y [110; 126; 127].  
In the endoplasmic reticulum, the procollagen chains undergo enzymatic modifications that 
convert specific proline and lysine residues to hydroxyprolines and hydroxylysines, 
respectively. The collagen is formed once three modified procollagen chains associate [110; 
122]. The collagen monomer, also called tropocollagen [128; 129], is a roughly 300-nm long 
and 1.5-nm thick, twisted, right-handed triple helix formed by the folding of three left-handed 
helical polypeptide α-chains [130]. It is the basic structure of all types of collagen. In 
tropocollagen, the glycine residues face towards the core of the fibril, whereas the residues at 
X and Y are oriented towards the chain surface [110; 131]. This triple helix structure is 
stabilised by one inter-chain hydrogen bond per sequence between the amide (N-H) group of 
a glycine with the carbonyl (C=O) group of a proline at the X-position in an adjacent chain 
[125; 132]. Moreover, an extensive hydration network of water molecules stabilises the 
structure by forming additional hydrogen bonds within the same chain or between adjacent 
chains within the bonding distance of the water bridges (figure 11) [133; 134; 135]. The water 
thereby saturates the available carbonyl and hydroxyl groups of hydroxyproline and maintains 
the intermolecular spacing between neighbouring polypeptide chains [133; 134].  
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Figure (11): Possible interchain and intrachain hydrogen networks in the triple helix of a collagen 
molecule. “Reprint from Matrix Biology, 15, 8, B. Brodsky and J. A. M. Ramshaw, 
The collagen triple-helix structure, 545-554, Copyright (1997), with permission 
from Elsevier” [135]. 
The final step of the collagen fibril assembly is initiated by the release of the collagen 
monomers into the extracellular space. Here, the monomers form insoluble collagen fibrils by 
forming covalent cross-links between each other. Five, or a multiple of five, collagen 
monomers arrange themselves in a parallel stack, slightly shifted to one another by 67 nm 
[136]. Thus, the offset between the neighbouring, staggered, 300-nm long tropocollagens 
creates a region where all five fibrils overlap and a gap region where only four of them are 
side by side [137]. This arrangement gives the collagen fibril a characteristic 67-nm banding 
pattern, the so-called D-period. Further monomers then attach head to tail and extend these 
structures. The process of cross-linking the monomers is mainly enzymatically driven, 
primarily catalysed by lysyl oxidase (LOX), a copper-based amine oxidase [110].  
 
Figure (12): The deamination and oxidation of lysine by the enzymatic activity of lysyl oxidase. 
“Copyright Birkhäuser Verlag, Basel, Cellular and Molecular Life Science, 63, 19-
20, (2006), 2304-2316, Lysyl oxidase: an oxidative enzyme and effector of cell 
function, H. A. Lucero and H. M. Kagan, figure 1. With kind permission from 
Springer Science+Business Media” [138]. 
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LOX oxidises and deaminates amino groups at specific hydroxylysine and lysine sites, 
creating reactive aldehyde residues (figure 12) [139; 140]. These aldehydes react with 
neighbouring amino groups of unmodified hydroxylysine or lysine, creating a Schiff base and 
thus an intermolecular covalent cross-link between adjacent collagen monomers [138]. 
Without these stabilising cross-links, the fibrils have little or no strength. Collagen fibrils are 
finally packed and organised into bundles or meshwork. 
3.1.3 Characterisation of Recent Collagen 
Prior to ancient tissue investigations, recent reference collagen samples were characterised. 
To this end, bovine Achilles tendon and recent human skin were processed to two-
micrometer-thick histological sections following standard protocols. The specimens were 
fixed, embedded in paraffin wax, cut and transferred onto glass slides. Before analysis, the 
paraffin was dissolved in xylene. Subsequently, the sections were rehydrated with a 
descending alcohol series, rinsed with ultra pure water, and dried under ambient conditions. 
After drying, collagen-rich areas were identified by AFM.  
High-resolution AFM images revealed the orientation and banding pattern of the fibrils. In 
bovine Achilles tendon, collagen fibrils were found in parallel, highly ordered structures with 
a distinct uniaxial orientation (figure 13c). The structures featured the typical D-periodic 
banding pattern of roughly 67 nm. Fibrils were tightly packed, and single fibrils were hardly 
distinguishable.  
 
Figure (13): AFM images of (a), (b) human skin collagen (2×2 µm) and (c) bovine Achilles 
tendon collagen (2×2 µm). The fibrils in the skin are either arranged in parallel (a) 
or meshwork (b) structures. Collagen fibrils in tendons are more densely packed 
and aligned in highly ordered parallel structures. The characteristic D-period 
banding pattern is prevalent in all fibrils.  
As in tendons, also human skin contained well-aligned collagen fibrils stacked in sheet-like 
structures. These structures, however, were less densely packed, slightly more random in 
orientation and sometimes overlapping. The D-period was 65.2 nm ± 2.0 nm, which is 
consistent with the banding pattern of tendons and literature values [126; 137; 141]. As is 
characteristic of the skin, additional networks of unsorted, often overlapping single collagen 
fibrils were observed (figure 13b). The collagen assemblies identified thus matched the 
collagen fibril arrangements typical of tendons and skin. 
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The molecular composition of the reference samples was quantified spectroscopically. 
Characteristic Raman spectra of collagen were obtained. The spectra featured the amide I 
(C=O stretching vibration mode) [142] and amide III (C-N stretching and N-H in-plane 
deformation mode) [142] bands, which represent peptide bonds within proteins such as 
collagen. These bands indicate the helical conformation of the collagen molecules and thus 
the intact collagen substructures within the tissues [128; 129; 142]. Also, the protein-typical 
vibration of methyl (CH3) and methylene (CH2) groups [143] were observed. Nevertheless, 
highly ordered collagen arrangements also showed anisotropic scattering properties. On fibrils 
aligned in parallel to one another, intensity variations in several Raman bands with respect to 
the polarisation of the incident laser were observed [144]. The amide I and amide III bands 
are among these, as shown in figure 14. 
  
Figure (14): Normalised Raman spectra of collagen bundles in human skin (a) and in bovine 
Achilles tendon (b). Depending on the orientation of the collagen fibril to the 
incident laser beam, the intensity of specific bands changes. The grey squares mark 
the bands with the strongest anisotropic Raman scattering [144].  
Other collagen bands exhibiting anisotropic Raman scattering were observed at approximately 
766 cm-1, 780 cm-1 (CCO) [145], 939 cm-1 (C-C stretch), and 3321 cm-1, which corresponds to 
another N-H vibration mode of the amides in the protein backbone [146]. This anisotropic 
scattering is also shown in polar diagrams (figure 15). The intensity of the bands at 766 cm-1, 
1246 cm-1, 1271 cm-1, 1451 cm-1, 1668 cm-1 and 3321 cm-1 as a function of the collagen 
orientation is shown. The bands at 1246 cm-1, assigned to the deformation vibration of N-H 
groups in a disordered phase [145], and 1451 cm-1, the deformation vibrations of methyl 
(CH3) and methylene (CH2) [142; 143], are included for comparison. These bands are not 
affected by the alignment of the collagen fibrils or the polarisation of the incident laser light.  
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Figure (15): Polar diagrams of the intensity of selected Raman bands as a function of the 
collagen fibril orientation [144].  
Both bands correspond to the Raman scattering of molecules that are equally distributed 
across the collagen amino acid sequence and thus show homogeneous Raman scattering.  
In summary, the arrangement, conformation and orientation of collagen-rich reference 
samples were characterised by AFM and Raman spectroscopy. AFM imaging revealed 
collagen assemblies typical of tendons and skin. The molecular conformation of the 
biopolymer was determined by Raman spectroscopy. Characteristic collagen spectra were 
obtained. A collagen alignment-dependent anisotropic Raman scattering was observed, 
indicating that the orientation of Raman-active subunits of an ordered macromolecular protein 
can be determined by Raman spectroscopy. The orientation-dependent scattering enables the 
optical characterisation of the alignment of collagen fibrils and must be considered in the 
analysis of sample spectra. 
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3.1.4 Preservation of Ancient Collagen 
To draw conclusions on the macroscopic preservation of tissue, it is necessary to analyse the 
individual subunits of the tissue because stabilisation of the material is determined on the 
molecular level. Ancient, collagen-based tissues show high stability and resistance to decay 
[20; 22; 147; 148; 149; 150; 151]. Thereby the collagen composition may affect the overall 
material properties and facilitate preservation. Skin is the anatomic outer shielding of the 
body, and even when mummified, it guards the underlying tissue from external influences and 
degradation. To quantify this protective function and to determine the degree of preservation, 
the structural and molecular integrity of mummy skin collagen must be investigated. Samples 
were drawn from the naturally mummified Tyrolean Iceman and measurements on the skin 
collagen of a bog body were conducted for comparison.  
As for the reference skin samples, morphologically intact single collagen fibrils in meshwork 
and sheet-like structures were observed in the Iceman skin (figure 16) [152]. Single collagen 
fibrils in networks were unsorted and partly overlapped. Their D-period was roughly 67 nm. 
Fibrils were well preserved without any breaks or evidence of fragmentation. Excellent 
structural preservation was also observed for fibrils in stacked sheet-like structures 
(figures 16b and c). 
  
Figure (16): AFM images of collagen structures found in mummified human skin. In (a) single 
collagen fibrils in a meshwork are shown (1×1 µm). Images (b) and (c) show 
collagen fibrils arranged in parallel well-ordered sheet-like structures. All fibrils 
show the characteristic D-period banding pattern of 67 nm [152].  
As in the AFM results, the Raman measurements also indicated that the ancient Iceman 
collagen is intact. The Raman spectra feature the characteristic amide I and amide III bands, 
suggesting the helical collagen conformation. Moreover, the positions of the Iceman Raman 
bands are similar to those of recent collagen (figure 17). Therefore, molecular degradation of 
the collagen can be excluded.  
Based on these observations, it can be concluded that the ultrastructure of the collagen fibrils 
was not altered and that no decomposition of the fibril structure occurred.  
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Figure (17): Average Raman spectrum (600–3600 cm-1) of recent human skin collagen (dashed 
black line) and of Iceman skin collagen (solid orange line). The spectrum of the 
mummy collagen is similar to the recent collagen spectrum. The inset shows a 
close-up from 840 to 1900 cm-1 wavenumbers. The spectra were normalised to the 
1448 cm-1 peak. 
Additionally, the elasticity of the single Iceman collagen fibrils was tested by nanoindentation 
measurements. The obtained F-d curves were analysed using the Hertz model. Although AFM 
images and Raman spectroscopy showed that the collagen was molecularly and structurally 
intact, differences in the mechanical behaviour of recent and ancient fibrils were revealed. 
The Young’s modulus of the Iceman collagen was 4.1 ± 1.1 GPa, whereas the modulus of 
recent skin collagen was 3.2 ± 1.0 GPa [152], indicating that the ancient collagen was slightly 
stiffer. Dehydration, and thus the removal of the interstitial water, could have brought the 
collagen subfibrils closer together, enabling the formation of additional interpeptide H-bonds 
or covalent cross-links [153] between the collagen molecules, which would lead to this 
increase in fibril stiffness [154]. Such a reinforcement of the collagen structures by 
supplementary cross-linking could have increased the collagen stability and resistance to 
decay. This result demonstrates the importance of dehydration for the mummification of 
connective tissue and presumes that the dehydrated skin maintained its protective function 
and prevented the underlying tissue from decomposition. Last but not least, this result 
supports the theory that the Iceman was covered by snow and ice immediately after his death 
[28; 155] and that periodic freeze-thaw cycles likely caused advanced desiccation by the 
sublimation of the majority of the water in the frozen tissue [1]. 
For comparison, the preservation of collagen in the skin of a mummified human bog body 
was examined. Investigations were carried out on the skin of an adult female, the so-called 
Zweeloo Woman, which was found in 1951 by peat cutters in a bog in Damsel, Netherlands. 
The female bog body was radiocarbon dated to the Roman period (78-233 AD). The woman’s 
cause of death is unknown. Like the reference skin and the Iceman skin samples, the collagen 
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fibrils in the Zweeloo Woman skin were arranged in networks or sheet-like structures and 
featured a periodic banding pattern (figure 18 and 19). However, compared to the Iceman 
collagen or to collagen bundles found in the dermis of other bog bodies [147], the Zweeloo 
mummy collagen indicates moderate decomposition. The fibrils show considerable 
differences in fibril contour and size compared to the collagen found in recent human skin or 
in other mummies. The contour of the fibril structure is very faint, and the banding pattern of 
62.8 ± 4.2 nm is smaller than that reported in the literature.  
  
Figure (18): Optical (a) and AFM amplitude images (b), (c), and (d) of collagen structures found 
in the mummified skin of a bog body. The optical image of the histological section 
was taken with 100x magnification. Figures (b) to (d) show the AFM amplitude 
images of the areas outlined. In (d), unsorted and overlapping fibrils in a network-
like structure are shown. Each fibril features a periodic substructure.  
The reduction in the fibril dimensions may be caused by the decomposition of the collagen 
fibrils as observed in previous AFM studies [156; 157] that show the degradation of type I 
collagen by enzymatic activity, e.g., by collagenase or papain-gel. The enzymes seem to 
decompose the entire fibrillar structure in a non-specific manner causing the fibrils to become 
shorter and thinner.  
An analogous effect may have occurred in the bog, causing the mummy collagen to slightly 
degrade and thus decrease in size. The degree of degradation is likely a function of the bog 
composition, e.g., its acidity.  
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While the acidity likely leads to degradation of collagen tissues, it is on the other hand also 
essential for the development of bog bodies. The acidic milieu decelerates the decay of 
organic tissue in a bog and promotes preservation. In particular, tannin, a polyphenolic 
compound in the plant cells of the peat bog moss sphagnum, is responsible for the bog acidity. 
As the plant dies, its phenolic compounds are released. The hydroxyl and carboxylic groups 
of tannins bind to proteins and form strong complexes [1], which may have enhanced the 
cross-links in the skin collagen of the Zweeloo Woman, thus stabilising and preserving it.  
The molecular composition of the Zweeloo woman collagen could, however, not be 
determined by Raman spectroscopy due to strong fluorescence of the sample.  
  
Figure (19): High-resolution AFM topography (a) and amplitude image (b) of collagen structures 
found in the histological skin sample of the Zweeloo Woman. In figure (a), 
(2x2 µm) collagen fibrils with a characteristic banding pattern are revealed. The 
fibrils form a network-like structure and sometimes overlap. The contours of the 
fibrils are faint. The amplitude image (b) shows the fibril contours in more detail.  
In conclusion, the data demonstrate the outstanding resilience of collagen to decay and the 
excellent degree of preservation of the naturally mummified Iceman skin collagen.  
 
Ancient Tissue Preservation 
 33 
3.2 RED BLOOD CELLS 
Blood is a suspension of a liquid, known as plasma, and cellular corpuscles such as platelets, 
white blood cells and red blood cells. It regulates the body temperature, supplies cells with 
nutrients, is involved in immune defence, and regulates the process of haemostasis, wherein a 
damaged blood vessel is sealed by a blood clot and repaired. Red blood cells (RBCs) are the 
commonest blood corpuscle in the blood. They transport oxygen from the lungs to the cells 
and in return carry carbon dioxide to the lung. While flowing in the cardiovascular system, 
they are subject to deformation. The cells feature an elastic biconcave-shaped membrane 
[158] with a diameter of 6 to 8 µm and a height of approximately 2.0 µm. This structure 
makes them highly deformable and enables them to pass through capillaries as thin as 4 µm to 
reach tissues [159; 160; 161].  
The main biomolecule in RBCs is haemoglobin, a tetrameric protein made of four pyrroline 
chains, each of which carries an iron atom. The pyrroline subunits are interconnected via 
methine bridges (=CH-). A dried RBC consists of approximately 97 % haemoglobin. In vivo 
haemoglobin composes 34 % of the red blood cell content, water represents 65 %, and 
approximately 1 % of the RBC volume consists of enzymes and other proteins. RBCs are a 
fine indicator for diseases because their shape, molecular structure, and elasticity are prone to 
disease-specific alterations. The discovery of blood elements in ancient mummified human 
bodies, therefore, could help determine the immune status of an individual and explore the 
evolution of diseases.  
3.2.1 The Coagulation of Blood 
Blood coagulation leads to the formation of a solid blood clot. In vertebrates, this 
mechanism is the most complex part of haemostasis, in which damaged endothelial cells of 
blood vessels are identified, sealed, and finally repaired or dissolved and replaced. The 
complexity of coagulation is due to different pathways related to diverse injuries and several 
safety mechanisms that prevent unwanted blood clotting [162]. In general, the process of 
blood coagulation is a cascade of gradually activated clotting factors obliged to stop blood 
loss by creating a solid thrombus that forms immediately after an injury and covers the region 
of vascular damage [163]. 
The formation of a thrombus involves a cellular blood clotting mechanism, known as primary 
haemostasis, in which platelets, activated by glycoproteins that bind to their membrane, 
adhere to subendothelial collagen or von Willebrand factor (vWF) and form a platelet clot at 
the site of the vessel injury. Simultaneously, the plasmatic blood clotting or secondary 
haemostasis mechanism takes place. In this secondary mechanism, plasma proteins, called 
coagulation factors, are activated and form fibrin fibres, which provide the framework of the 
clot. Secondary haemostasis is divided into an intrinsic and extrinsic pathway, although both 
pathways presumably operate in parallel [164].  
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The initial point of coagulation is always an endothelial defect. Coagulation may result from 
several different events such as mechanical trauma, electrical trauma, vessel legation or 
inflammation. Inflammation can be schematically modelled by a laser injury, inducing a heat 
impact that affects only a finite region and does not cause degradation of the vessel wall. In 
contrast, a model akin to mechanical trauma can be created by inducing oxidative endothelial 
damage with e.g. ferric chloride. Here, the endothelium becomes ablated, and the 
subendothelial matrix, consisting of collagen and bound vWF, is laid open [165].  
Regardless of the cause of injury, blood passes through the injured blood vascular, and 
platelets interact with tissue factor (TF), collagen or vWF in the endothelium. The vWF 
therein initiates the connection of the platelets with the injured vessel wall through specific 
receptor interactions, resulting in the adhesion and aggregation of the platelets (primary 
haemostasis). The release and production of further coagulation factors activates and 
mobilises further platelets and causes them to become involved in the thrombus formation 
[165]. In addition, actin and myosin filaments rise from the activated platelet surface, creating 
a dense network between the platelets.  
Co-instantaneous to platelet adhesion and aggregation, secondary haemostasis takes place. In 
this process, several other factors are released, activated, or generated [162; 163; 166], which, 
together with phospholipids of platelets or tissue and calcium ions Ca2+, leads to the 
production of thrombin. Thrombin is the activated form of the enzymatically cleaved, inactive 
prothrombin [166; 167] and is crucial for secondary haemostasis because it converts soluble 
fibrinogen to the insoluble fibrous protein fibrin. Thrombin activates a fibrin-stabilising 
enzyme that cross-links fibrin monomers, resulting in a network that stabilises the platelet clot 
[168]. Dependent on the size of an injury, the fibrin thrombus may also contain RBCs. Due to 
their structure, blood clots are highly resilient. In combination with desiccation, they may 
provide a protective environment for blood residues embedded therein and preserve these 
residues for a long time.  
3.2.2 RBC Preservation in Icemen Tissue 
This postulation is particularly meaningful when examining the oldest human glacier 
mummy, the Iceman, who sustained a lethal arrow wound immediately before his death [33]. 
X-ray and CT images of the arrow wound gave the first hints of the presence of blood 
residues. Inhomogeneous tissue areas were found and interpreted as a dehydrated haematoma 
[31; 169] associated with the lesion of the left subclavian artery that could have led to severe 
inner bleeding, a haemorrhagic shock, and the Iceman’s death [34]. Additionally, 
haemoglobin was detected in the skin of the Iceman’s right hand by a Guajac-based test [32], 
also suggesting a wound. However, in contrast to the good overall preservation of the tissue, 
no blood cells had been found. 
To study the presence of human red blood cells in the tissue of the 5300-year-old Iceman, 
samples were extracted from the right hand stab trauma and from the arrowhead entry wound 
at the Iceman’s back and examined by AFM. Some isolated single corpuscles with the 
approximate size and shape of normal RBCs [170] were identified (table 1).  
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The corpuscles featured the typical discoidal and concave shape of RBCs, which arises during 
the early stages of RBC development in the bone marrow when the cell nucleus is discarded, 
leaving an impressed membrane behind. Moreover, their morphology was without any 
evidence of degradation or damage. In addition to the single corpuscle, an agglomeration of 
several randomly distributed particles was found in the arrowhead wound (figure 20f).  
 
Figure (20): AFM images of RBCs. Images (a) and (b) show single RBCs from recent human 
tissue. Image (c) displays an assembly of RBCs. In images (d) and (e), single 
corpuscle, found in the Iceman right hand wound and arrowhead wound, are 
shown. Also an assembly of several randomly distributed corpuscles, similar to 
those in the recent sample (c), was found in the Iceman arrowhead wound (f). The 
imaged corpuscle (d-f) have the characteristic discoidic and concave surface of 
RBCs. 
Table 1: Dimensions of recent RBCs and ancient corpuscle  
Sample Quantity Height (µm) Diameter (µm) Area (µm
2
) Volume (fl)
Recent RBCs 19 2.0 ± 0.5 6.3 ± 0.4 31.0 ± 3.7 40.0 ± 12.2
Ancient corpuscle 3 2.5 ± 0.2 6.0 ± 0.3 28.8 ± 3.2 42.1 ±  4.1  
To verify the presence of RBCs, Raman spectra were taken from the Iceman samples and 
compared to reference whole blood and RBC spectra. The chemical composition and 
molecular conformation of the ancient corpuscle was revealed, showing the stretching 
vibration modes ν37, ν20/ν29, ν21, and ν15 of porphyrin, the characteristic building unit of the 
RBC protein haemoglobin [171; 172; 173]. These data suggest that the ancient particles are 
RBCs. Nonetheless, it was also observed that the specific Raman bands were an order of 
magnitude weaker in the Iceman RBC spectra than in the reference RBC spectra (figure 21). 
This result indicates that the molecular conformation of the Iceman’s RBCs had changed and 
that the majority of the haemoglobin had disappeared over time. The altered molecular 
structure may be due to degradation of the haemoglobin. 
Furthermore, bands typical of other protein components, such as the twisting deformation 
mode of methylene, the deformation vibration of methyl molecules, the vibration mode of 
phenylalanine, and the amide III band, which represents peptide bonds [108; 142; 145], were 
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identified. These bands indicate that the Raman spectra of the Iceman corpuscle are composed 
of haemoglobin and other proteinaceous components. The proteinaceous compounds may 
originate from residues of proteins that were components of a former blood clot. This 
hypothesis is consistent with measurements on recent dried blood, which showed that the 
Raman spectrum of dried whole blood is a combination of the two main Raman-active 
components, namely, haemoglobin and fibrin [174]. 
This last assumption was validated by the Raman spectra obtained from the mummy 
corpuscle of the agglomerate. The spectra lacked the above-mentioned porphyrin modes and 
showed mainly bands characteristic of the blood protein fibrin (figure 21). As described, 
fibrin is the end product of a complex cascade of coagulation reactions that are initiated at the 
moment of a vascular injury. Fibrin is produced when thrombin cleaves fibrinogen and 
catalyses the polymerisation of fibrin, which subsequently generates a meshwork around a 
platelet plug and reinforces it [175].  
   
Figure (21): Raman spectra of air-dried whole blood (a), a single red blood cell (b), and a single 
corpuscle found in the Iceman tissue (c and d). All spectra show peaks at 1586cm-1, 
1395 cm-1, 1308 cm-1, and 747 cm-1, which are characteristic of porphyrin. With 
the exception of a few bands, the spectra show considerable similarities. Also 
shown are Raman spectra of a fibrin meshwork (e), and the agglomerated 
corpuscles found in the Iceman arrowhead wound (f). The spectrum obtained from 
the agglomerated corpuscles differs from that of the single Iceman corpuscle. It has 
features that are considerably similar to the spectrum of fibrin. 
The Raman spectra and AFM images thus indicate that the single particles and the 
agglomerate of corpuscles (figure 22) in the wound tissue are the remnants of a haemostatic 
plug that formed after the Iceman was wounded. It can also be inferred that the fibrin 
surrounding the haemostatic clot decomposed over the millennia leaving only RBCs and 
possibly some fibrin fragments behind because neither a meshwork nor single fibrin fibrils 
were detected by AFM. The decrease in the specific haemoglobin Raman peak intensities 
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suggests that the majority of the ancient RBC haeme groups were altered or disappeared over 
the years.  
 
Figure (22): (a) Raman scan (35x35 µm) and AFM image (30x30 µm) of the RBC agglomerate. 
Recalculation of the Raman scan for selected Raman bands (b) gives the intensity 
distribution of the selected bands. (c-e) Raman map for fibrin-characteristic bands 
at approximately 1000 cm-1, 1450 cm-1, and 1660 cm-1. Red pixels define an area 
with high band intensity; blue and violet pixels represent a sample area with the 
lowest Raman band intensity. The highest band intensities are found at the sites of 
RBCs, indicating the presence of fibrin residues.  
3.2.3 Secondary Conclusions from Iceman RBCs 
The mechanical properties of RBCs are an indicator for disease and can provide insight into 
their molecular preservation. Reduced mechanical deformability, together with increased 
RBC membrane stiffness, has been reported in infections with the malaria parasite [176; 177; 
178]. A similar phenotype appears in blood disorders such as sickle-cell disease, hereditary 
elliptocytosis, and hereditary spherocytosis, in which the deformability of the RBC membrane 
is reduced due to a strongly altered cell shape [178; 179; 180].  
Although pre-processing the tissue samples does not allow one to draw conclusions on 
disease-specific mechanical changes in the RBC membrane, a relative comparison of the 
recent RBCs and the equally processed mummy RBCs should indicate the degree of tissue 
preservation over the past millennia. By performing nanoindentation measurements and 
analysing the obtained F-d curves with the Hertz model, the elasticity of the ancient 
corpuscles was assessed (figure 23).  
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Figure (23): The distribution of the Young’s moduli from the corpuscle of Iceman sample B and 
contemporary single RBCs. The Young’s modulus of the mummy particles (grey) 
is significantly lower than that of the recent RBCs (black). 
Mummy RBCs were slightly softer than recent RBCs, which may indicate a degradation of 
the RBC membrane framework. As observed in the Raman spectra, where the mummy RBCs 
showed a decrease in the RBC-specific porphyrin vibrations, these mechanical changes could 
originate from external influences, including damage to the RBC scaffold by crystallisation of 
ice during freezing, irradiation by UV light or wound healing-specific transformation 
processes that occur during the stages of blood clot degradation [181]. 
In conclusion, the structural, molecular and mechanical analyses of ancient corpuscles 
verified the preservation of RBCs in the 5300-year-old mummy tissue. Moreover, the 
structure and Raman spectra of some corpuscles point to remnants of a haemostatic clot. 
These data confirm that the Iceman sustained several injuries before his death. The samples 
contained RBCs with normal morphology. Blood disorders caused by red blood cell 
membrane defects, such as sickle-cell disease, elliptocytosis, and spherocytosis, can thus be 
excluded.  
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4. SUMMARY 
It has recently been established that soft tissue or its fragments can be preserved in fossilised 
biological structures such as shells or bones. Likewise, it was experimentally verified that 
collagen and haeme-containing compounds can resist decay and that small round 
microstructures similar in size and shape to RBCs can be preserved in vessels from the 
demineralised bone of dinosaurs. In fossilised samples, the organic material is most likely 
preserved due to its encapsulation within the anorganic matrix or mineralised soft tissue.  
In this work, it was postulated that if biological tissues have substructural arrangements that 
are advantageous to withstand mechanical loads, i.e., high elasticity and resilience, they might 
also have a favourable structure to become preserved in mummified tissue. Using the non-
invasive analysis techniques AFM and Raman spectroscopy, the structural and molecular 
arrangement and the degree of tissue preservation were determined. Raman spectroscopy was 
utilised to reveal the tissue’s molecular composition, and AFM was used to show the tissue’s 
ultrastructure and mechanics. Both techniques were initially applied to characterise reference 
samples. The Raman spectra of the reference collagen contain bands whose intensities are 
specific for the conformation and alignment of the collagen fibrils. These observations were 
subsequently used to characterise ancient samples. 
By analysing mummified skin collagen in samples drawn from the Iceman, exceptionally 
well-preserved collagen was found. The observed fibrils featured the typical collagen 
arrangement, either in parallel ordered sheet-like structures or in a random meshwork. 
Additionally, a collagen-specific banding pattern was observed. In addition to their 
morphology, the characteristic molecular structure of collagen, an intact triple helical fibril 
conformation, was ascertained. However, considerable differences were observed between the 
Iceman skin and samples drawn from a bog mummy. Although the skin collagen of the bog 
body was without any evidence of breaks or fragmentation and it exhibited the typical 
arrangements of skin, the fibrils appeared slightly degraded, indicating poorer preservation. 
The collagen showed only faint banding patterns and fibrils of inferior size. The acidic 
environment of the bog probably caused the collagen to degrade and thus altered its 
morphology and reduced its size. The mummification process of the Iceman, in contrast, 
seems to have a superior effect on preservation. Nanoindentation measurements revealed a 
higher elasticity of the Iceman collagen compared to recent collagen. Dehydration, i.e., the 
loss of interstitial water between the collagen molecules, may have compressed the ancient 
fibrils, thus enabling the generation of additional cross-links and causing an additional 
stiffening of the mummy skin. This stiffening may have improved the skin’s protective 
function and its resistance to degradation by UV irradiation, freeze-thaw cycles, and the 
action of microorganisms.  
Outstanding structural and molecular preservation was also obtained for mummified red 
blood cells. In the living organism, these blood corpuscles circulate throughout the 
cardiovascular system, passing diverse blood vessels, and are subject to deformation. To 
withstand this mechanical load, the cells have an elastic biconcave-shaped membrane. 
Summary 
 40 
Structural, molecular, and mechanical examinations verify the preservation of red blood cells 
in the 5300-year-old mummy tissue. Moreover, the structure and Raman spectra of some 
corpuscles pointed to remnants of a haemostatic clot. This result confirmed that the Iceman 
sustained several injuries before his death and provided evidence for the preservation of red 
blood cells in particular. The Raman spectra, however, also showed that haemoglobin-specific 
molecular vibrations of the ancient RBCs were weaker than those of recent RBCs. This 
finding suggests that the haemoglobin content of the RBCs changed due to the 
mummification or due to blood clot degradation processes. Thus, the first insights into the 
degradation of blood compounds in mummy tissue were obtained. Finally, the red blood cells 
showed normal morphologies. Blood disorders caused by red blood cell membrane defects, 
such as sickle-cell disease, elliptocytosis, and spherocytosis, could therefore be excluded.  
In conclusion, the preservation of collagen and red blood cells in mummy tissue was 
confirmed and the degree of preservation specified. The investigations on collagen revealed 
that both the favourable environment conditions as well as the stiffening of the ancient 
collagen had a major influence on the extraordinary overall preservation of the Iceman. 
Additionally, the morphology of the detected red blood cells testifies that the Iceman did not 
suffer any red blood cell membrane-specific diseases. These results indicate that several types 
of information can still be drawn from mummified tissue and that biological tissues with 
advantageous structures can become preserved in mummified tissue as old as 5300 years. 
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9.1  EVIDENCE OF DYSCHONDROSTEOSIS AND 
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Key- words: bog bodies, dyschondrosteosis, dicrocoeliasis, The Netherlands 
 
Abstract 
The bog corpse of an adult female individual dating to the Roman period (78- 233 AD) was 
unearthed, in 1951, by peat cutters in the “Damsel’s Bog” northwest of the village of Zweeloo 
(Drenthe province, The Netherlands). 
 Even if shrunken and deformed by the prolonged stay in the bog, Zweeloo Woman’s skeleton 
shows clear signs of a pathologic disorder affecting both the forearms and lower legs. 
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Long bone measurements, stature assessment and PET-CT scan were carried out to assess the 
degree of micromelia and possibly dwarfism. The radiological findings were consistent with 
Léry-Weill dyschondrosteosis (DSC), a dominantly inherited dysplasia marked by short 
stature with mesomelic shortening of middle segments of the forearms and lower legs. Only 
three cases of probably or indicative DSC have been described so far in pre-modern societies. 
This is the first case of DSC syndrome recognized in a 2nd century bog body from The 
Netherlands. 
Atomic force microscopy imaging (AFM) and histology were used to assess the degree of 
preservation. AFM of the skin showed evidence of a moderate decomposition of type I 
collagen fibrils. A good state of preservation of bones and abdominal organs was shown 
histologically. The eggs of the lancet liver fluke Dicrocoelium dendriticum were found 
embedded in the liver parenchima. Dicrocoeliasis is contracted by the oral uptake of infected 
ants attached to vegetables. This infection is quite rare in humans and has never been 
described in a bog body.  
ßLiterature reports that a substantial number of the individuals that were found in bogs died a 
violent death. At least 21 cuts made by a short blade to the Zweeloo Woman bones were 
found. Nonetheless, there’s no evidence of trauma except possibly to the posterior aspect of 
the left shoulder, on the outer skin surface. Whether Zweeloo Woman was intentionally killed 
or died a natural death still remains unclear.  
1- The discovery 
On December 5 1951, peat cutters working in ‘Juffersveen’ (‘Damsel’s Bog’) northwest of 
the village of Zweeloo in the Dutch province of Drenthe discovered a bog corpse (Van der 
Sanden 1990a, 70). The Mayor of Zweeloo was informed of this remarkable discovery and he 
contacted the Biologisch-Archaeologisch Instituut (Institute for Biology and Archaeology)[1] 
of Groningen University. The next day, Prof. Dr. A.E. van Giffen and his assistant W. van 
Zeist visited the site. They soon discovered that they were too late. The peat cutters had 
already dug up the human remains and had severely damaged them in the process, especially 
the front side of the body. All the archaeologists could do was study the peat section at the 
findspot. The peat layer was only 60 cm thick. The upper half consisted of poorly humified 
light brown peat, the lower half of highly humified blackish brown peat. The peat cutters said 
they had found the body at a depth of 45 cm, i.e. in the blackish brown peat. The section next 
to the spot where the body had been found was systematically sampled for pollen analysis. 
The human remains were placed in a large zinc box and taken to Groningen. Van Giffen 
explained to journalists that he certainly did not expect the body to be two thousand years old.  
2- The post-excavation research (1955-1995) 
In 1952 Van Zeist published a short article in German on the bog find. He stated that analyses 
of the human remains at the Laboratorium voor Anatomie en Embryologie (Laboratory for 
Anatomy and Embryology) had shown that they represented a female who was approximately 
170 cm tall).[2] He also discussed the pollen diagram, noting a remarkable hiatus: subatlantic 
peat lying directly on top of boreal peat. He wrote that he took a pollen sample from ‘between 
the toes of the undamaged foot’. The results of the analysis confirmed the peat cutters’ 
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statement that they had found the body in the lower layer of blackish brown peat. According 
to Van Zeist this implied that the woman lived in the first centuries AD.  
Van Zeist finally mentioned that the intestines contained many husks of millet (Panicum 
miliaceum) - an observation that did not contradict the find’s palynological date. 
Four years later Van Zeist (1956) published some new information. The woman’s hair had 
been cut around the time of her death and her body had been deposited in an old turf cutting 
(which would explain the conspicuous hiatus in the pollen diagram). The time of deposition, 
he estimated, was ‘after AD 200’. After that, Zweeloo Woman sank into oblivion for at least 
30 years.  
In 1985, the skin and intestines were presented to the Drents Museum in Assen. The skin is 
far from complete: the lower arms and hands, the lower legs and feet and the neck and head 
are missing (the head is represented by only a few small pieces of skin with attached hair with 
a length of 2.5- 3.5 cm). All that remains of the front side of the body are some loose pieces 
of skin. The manubrium and corpus of the sternum are still attached to one of the pieces. The 
skin and intestines were stored separately from the bones, which may have come into the 
museum’s possession at an earlier stage (but when that may have been cannot be inferred 
from the museum’s inventories).  
In 1987, one of the authors (WVDS) launched a major bog body research project (Van der 
Sanden, 1990). The first and main aim was a totally fresh analysis of the preserved corpses 
and the finds associated with them. Lack of information and the fact that the bones had been 
stored separately from the other remains of Zweeloo Woman had led to the conclusion that 
the two were separate finds. The bones were thought to represent a skeleton that had been 
found in part of Bourtanger Moor called Aschbroeken (near Weerdinge) in 1931, and they 
were published as such (Van der Sanden 1990b, 89- 90). 
The physical anthropologist dr. H.T. Uytterschaut of the Laboratory of Anatomy and 
Embryology of Groningen University analysed and described the remains (Uytterschaut 
1990b, 115- 117, 122- 123). She singled out five bones of the ‘Aschbroeken skeleton’ as 
differing from the others in colour and consistency. They are a first rib (from the left side), the 
first and second cervical vertebrae and a thoracic and a lumbar vertebra. It was assumed that 
those bones derived from the same body as the surviving remains of skin and intestines, i.e. 
the Zweeloo bog body. Uytterschaut concluded that it was not possible to infer the 
individual’s sex from the skin remains. If the five bones indeed came from the same body as 
the skin, they indicated a person of at least 35 years old, as the lumbar vertebra shows lipping.  
The ‘Aschbroeken skeleton’ could be sexed more easily. The shape of the pelvis and the size 
of the processus mastoideus indicate that the individual was female. Her age at the time of 
death was estimated on the basis of various observations. Epiphyseal union in the long bones, 
pelvis and scapula indicates a minimum age of 25, the morphology of the pubic symphysis 
points to an age of between 30 and 60, and the sutures of the skull imply an age of between 20 
and 30.  
Histological analysis (Uytterschaut 1985) of a thin section of the shaft of the left femur 
indicated that ‘Aschbroeken Woman’ died at an age of 34 ± 7 years. All this evidence led to 
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the conclusion that the age at the time of death was probably around 35 years (Uytterschaut 
1990b, 117). The marked differences between some of the bones of the left part of the 
skeleton and their counterparts on the right side (e.g. the pelvis) caused a lot of discussion, as 
the observations were not in accordance with any known physical disorder. Postmortem 
deformation was suggested as the most likely explanation (Uytterschaut 1990c, 132- 135). On 
the basis of the bones of the right side of the body the individual was estimated to have been 
around 1.38 m tall, but at the same time it was assumed that this would not be entirely correct 
due to postmortem shrinkage (Uytterschaut 1990a, 102). 
Both the ‘Zweeloo skin’ and the ‘Aschbroeken skeleton’ were radiocarbon dated. The date of 
the skin is 1835 ± 40 BP (GrN-15458), that of the skeleton 1940 ± 70 BP (OxA-1727) (Van 
der Sanden 1990c, 98). 
In August 1992 the real Aschbroeken skeleton was discovered in the stores of the Biologisch-
Archaeologisch Instituut.[3] It is the skeleton of an adult man dating from around 1000 BC 
(Van der Sanden, Haverkort and Pasveer 1991-1992). This could only mean that the 
previously described skeleton belonged to the Zweeloo bog corpse.  
The skin was re-examined, and this time a small piece of bone was discovered, deriving from 
the shoulder region of the left side of the body. The edge of this piece of bone was found to 
mirror the edge of the skeleton’s incomplete left scapula (the two parts could not be fitted 
together due to distortion). Furthermore, dr. M. Voortman and his associates of the 
Laboratorium voor Gerechtelijke Pathologie (now Nederlands Forensisch Instituut/Dutch 
Forensic Institute) in Rijswijk identified the vulva, navel and a breast (right side). These 
results support the assumption that the bones and skin derive from the same individual. A 
final argument is that the otherwise largely complete skeleton lacks a breastbone. 
Until 1994 our understanding of the Zweeloo bog body was as follows. The body is that of an 
adult female person. She was probably of blood group O (Connolly 1990, 148) and suffered 
parasitic infections caused by whipworm (Trichuris) and mawworm (Ascaris) (Paap 1990, 
164-166). Her last meal consisted of a gruel whose main ingredient was coarsely ground 
common millet (Panicum miliaceum). The presence of a large quantity of blackberry pips 
(Rubus fruticosus) indicates that she died in late summer/early autumn. In addition, the 
intestines contained remains of Polygonum lapathifolium (curlytop knotweed/pale 
smartweed), Polygonum aviculare (knotgrass), Brassica sp. (black mustard or rapeseed), 
Linum usitatissimum (common flax), Bromus sp. (grass), Triticum sp./Secale sp. (wheat or 
rye), Hordeum sp. (barley), Avena sp. (oat), a few animal hairs and the wing case of a beetle 
(Tenebrio obscurus) (Van der Sanden 1990d, 136; Hakbijl 1990, 170-171; Holden 1990, 265-
269). Analysis of pollen samples from the intestines confirmed the macroscopic results 
(Troostheide 1990). No DNA was found in the skin or kidney (Osinga and Buys 1990; 
Osinga, Buys & Van der Sanden 1992). The woman’s hair was cut around the time of her 
death (Uytterschaut 1990d, 136). Zweeloo Woman lived in the Roman period. The average of 
the two aforementioned radiocarbon dates is 1861 ± 35 BP (calibrated 2σ: 78-233 cal AD).[4] 
How she died we do not know; no signs of any external violence are visible on her skin. She 
was buried in a pit in a bog, probably naked.  
In 1994 dr. R.W. Stoddart of the Department of Pathological Sciences of Manchester 
University expressed his doubts about the deformed bones being simply a case of 
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pseudopathology. He closely examined the skeleton, measuring and weighing the bones and 
subjecting some of them to soft X-rays and tomographic scanning, and came to the conclusion 
that the asymmetry is indeed a postmortem development, but the short forearms and lower 
legs are on the contrary to be classified as a pathological phenomenon (Figure 1). 
 
Figure 1- Zweeloo Woman’s preserved skeleton (a) and skin (b). In (c) and (d) the shortened 
and bowed forearms and lower legs are shown.  
 
The conclusion of his report (Stoddart 1995), in which he describes the skeleton as that of a 
woman aged 16-24, is as follows. [5] 
‘The cadaver shows shortening of the forearms and lower legs by about 50% relative to 
normal, and corresponding low weights of demineralised bones of these parts. Apart from a 
mild degree of malformation of the radii, the affected bones are short rather than distorted. 
There is no remaining evidence of nutritional deficit or infectious illness and no other part of 
the skeleton appears to be affected. The girdles, proximal portions of the limbs, hands and feet 
show no abnormality of size, though there is evidence of reactive change in the bones of the 
feet consequent upon the inevitably abnormal gait.” 
Several conditions can be excluded. This is not a case of hypopituitary dwarfism, since it is 
not a generalised failure of growth. Similarly, it is not a phocomelic type of dwarfism, since 
only a specific segment of each limb is involved and the skull is unaffected. The normal 
hands and feet argue against an effect of the ‘thalidomide-injury’ type, for example following 
a viral infection. An ‘anti-Marfan’ type of syndrome can also be excluded, since the 
equivalent segment is involved in each limb and the skull, hands and feet are spared. There is 
no evidence of nutritional or infectious cause and the localised nature of the abnormality 
argues against these. The most probable class of disorder in this case is dyschondrosteosis. 
This develops during later childhood and adolescence, for unknown reasons, producing the 
type of malformation seen here. The name is purely descriptive and may cover several 
syndromes. The condition is rare and the origin (or origins) appear to be genetic.’ (Stoddart 
1995, 9). This diagnosis was quoted in the book accompanying the bog body exhibition that 
was held in Silkeborg, Denmark, in 1996 (Van der Sanden 1996, 140-141).  
Stoddart also provides detailed information on the position of the body in the peat: ‘It is likely 
that the body lay on its right side in the marsh, in a somewhat ‘fetal’ position, but with the 
arms and legs more extended. The right arm was fairly straight, the left more bent and the 
right forearm lay on top of the left wrist, so that the thumbs of both hands pointed outward. 
The right leg was more bent than the left and lay beneath and in front of it, so that the right 
heel was close to the left ankle. The pelvis was probably tilted slightly back, or at least was 
not inclined downwards. In general the left side – which I hypothesise to be uppermost – has 
suffered greater damage by cutting, while the right side of the pelvis, the right scapula and the 
right side of the skull show more evidence of pressure distortion than does the left side.’ 
(Stoddart 1995, 7).  
3- The findspot 
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At the time of discovery, little information was recorded on the findspot of the Zweeloo bog 
body. In his daily reports, Van Zeist refers to ‘Juffersveen’ and ‘a small peat bog’, but without 
specifying its size and location. Contemporary newspaper reports also refer to the findspot as 
‘Juffersveen’. Thanks to information provided by the then Mayor Greebe the site of the 
former bog was located on a map in 1988 (Van der Sanden 1990a, 70). It lies in an area 
known as Aalder Veld northwest of the village of Aalden (in those days part of the 
municipality of Zweeloo, now of the municipality of Coevorden).  
According to members of the local historical society, Juffersveen lay a little further south than 
the area indicated by Greebe. On a land-consolidation map they sketched a bog measuring 
around 400 x 200 m extending on either side of Gebbeveenweg.[6] Their bog coincides 
reasonably well with an elongated NW-SE-oriented bog measuring approximately 350 x 125 
m that is indicated on a topographic map from around c. 1900 (Wieberdink 1990, sheet 
224).[7] If this is indeed Juffersveen, and considering that Mayor Greebe indicated the 
findspot as lying immediately to the west of Gebbeveenweg, it is likely that the body was 
buried in the central part of the bog. Aalder Veld incidentally contained quite a few more 
small bogs, one of which was called Diepveen.[8] It lay close to Juffersveen, whose name – 
‘Damsel’s Bog’ – is thought to refer to a legend featuring a girl on the run who allegedly 
perished miserably in the bog many centuries ago.  
4- Other bog bodies from Zweeloo 
Zweeloo Woman is not the only bog body from Zweeloo – that is, if the sources are reliable. 
An early source (Drie Podagristen 1843, 197-198) reports the discovery of a body in a small 
bog near Zweeloo. It is described as the body of a woman ‘whose clothing and adornments 
suggest she was a lady of high rank’. The body is said to have come to light around 1820. ‘A 
simple peasant had come across it while cutting turfs or sods at the site. First an arm had 
emerged from the peat, but closer inspection showed that the shocked man had actually 
already dug up the entire body; he then threw down his spade and fled from the scene as fast 
as his legs would carry him. The body should still be in the aforementioned bog pool, though 
its exact location is unknown.’  
Although it is not entirely clear by whom the aforementioned source was written, and 
moreover doubtful whether the described hike actually took place, there are no compelling 
reasons to doubt the reported discovery of a bog body near Zweeloo. To the best of our 
knowledge this is the earliest report of a body found in a bog in the northern part of the 
Netherlands. So it is not very likely that the author or authors were ‘inspired’ by an earlier 
find. But whether details such as the quoted ‘adornments’ are correct is by no means certain. 
Ornaments are hardly ever found in association with bog bodies. It is quite possible that the 
true elements of the find gradually acquired a fictional veneer over the years in which the tale 
of its discovery was passed on orally.  
Another source reports a bog body that was allegedly found near Zweeloo in 1956. The 
informant concerned thought he could recall having seen the body shortly after its discovery. 
The findspot is believed to have lain around 500 m southeast of that of the bog body that had 
come to light in 1951. The body was found in the context of the land consolidation of 
Aalderveld and Mepperveld (1940- 1961). The peat cutters laid the body beneath a dump cart, 
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presumably in the hope of hushing up their discovery. The body was most likely thrown back 
into the bog (Van der Sanden 2002, 178).  
5. New set of investigations on Zweeloo woman’s remains 
Since 2009 a multidisciplinary team of researchers re-examined the human remains of 
Zweeloo Woman. A variety of analyses were carried out (PET-CT scan, AFM, histology) 
with the aim of confirming or infirming the previous diagnosis of dyschondrosteosis and to 
verify the overall state of preservation of both hard and soft tissues. Herewith we provide an 
overview of the latest findings. 
5.1 On bone shrinkage, measurement, stature and tissues preservation 
A major problem in interpreting the abnormalities of the Zweeloo Woman has been the 
difficulty of determining how far shrinkage has occurred following bone decalcification. 
Clearly this is important to try and resolve in order to assess the degree of micromelia and 
possible dwarfism which might have occurred.  
It seems likely that the skull illustrates well the reduction of size which has occurred in some 
parts of the body (Figure 2). The frontal arc (85 mm) is likely to be 25 mm smaller than even 
small measurements for female skulls in northern Europe (BOT, 1957). Similarly, the sagittal 
arc (93 mm) is 20 mm lower than usual for small skulls (BOT, 1957).  
 
Figure 2- Zweeloo Woman’s “exploded” skull (a) and a particular of the frontal bone (b) 
which shows signs of a cut made by a short blade above the left orbit. 
 
It is very unlikely to be indicating microcephaly, a condition which does not normally reduce 
facial dimensions, but in this case palate length (30 mm) is 15 mm less than usual. If we 
consider ratios of humerus to radius length and femur to tibia, then normally the arm in 
Europeans would show a ratio around 1.4: 1.0, but in this case it is 2.2: 1.0. For the leg, the 
normal ratio is about 1.2: 1.0, but the Zweeloo ratio is 1.6: 1.0. So reduction in both forearms 
is considerable, but the length ratio difference in the lower leg is far less and also shows a side 
to side asymmetry (the right leg ratio is 1.28: 1.0). In the case of congenital reductions in 
longitudinal segments of the limbs in some forms of micromelia, forearm reductions can 
produce ratios of 1.8: 1.0 (personal radiographic observation), which is similar to the Zweeloo 
ratio.  
Estimating dimensions from the outer body surface of the Zweeloo Woman, taking 
measurements close to those defined by the Board of Trade, London (1957), a stature estimate 
of 155 cm was obtained (allowing for head and foot damage). It should be noted that in a 
sample of 4,995 British women (BOT, 1957), 2,438 (49%) were between 141-159 cm, so 
these are not to be viewed as dwarfed statures. Thus, it is not possible to describe the Zweeloo 
Woman as an example of mesomelic dwarfism. Approximate dimensions of other body 
measurements were also obtained on the Zweeloo Woman, and are tentatively presented in 
Figure 3.  
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Figure 3. Estimated dimensions of the Zweeloo Woman compared to a northern European 
sample. 
 
Overall length of the trunk appears to be similar in the Zweeloo Woman and the British 
average for 30- 44 year olds (BOT, 1957). But leg length seems to be shorter (allowance 
having been made for the damaged feet). Interacromion width could be slightly larger than 
average in the Zweeloo Woman, but her waist circumference appears to be slightly smaller 
than the modern European mean. But neither difference is significant. 
Post-cranial measurements, as seen in Table 1, were taken separately by three authors (RB, 
DMP and DB). The stature estimation was calculated following the regressions of Pearson 
(1899), Trotter/Gleser, white (1952), Trotter/Gleser, negro (1952) and a mean of 
Trotter/Gleser, white (1952), Trotter/Gleser, negro 1952 and Pearson (1899) as suggested by 
Siegmund (2010) for central European populations.  
The stature was estimated based on the maximum and the minimum measurements taken by 
the observers as well as on a mean of the two observers. The radius was not considered to the 
measurements since it is abnormally short and its value would artificially affect the stature 
estimation.  
 
Table 1 – Measured length of bones (in cm) of Zweeloo Woman 
 
Additional to the stature the body proportions were also calculated after Martin 1928 (Table 
2). This enables as to configure the unusual proportions of the Zweeloo Woman. Both the FHI 
and FTI are significantly lower compared to central European populations which vary 
(Siegmund 2010, p. 62, 64). The HRI shows extreme low due to the abnormal shortening of 
the radius. 
 
Table 2 – Body proportion estimation of the Zweeloo Woman 
 
The stature estimation from bones of the Zweeloo Woman ranges from 130 to 135 cm when 
both humerus, femur and tibia are being considered, and 137 cm to 141 cm when the tibia is 
not considered (Table 3).  
 
Table 3 – Stature estimation from bones of the Zweeloo Woman 
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The Pearson method would be the most appropriate among the estimation methods since the 
reference series used corresponds in terms of body proportions better the European 
populations (Siegmund 2010) and Pearson considers in the regression all long bones. On the 
contrary, Trotter and Gleser consider only the tibia and only in case that the tibia is not 
available, they use the femur. This calculation would produce artefacts in the case of the 
Zweeloo Woman due to the short length of the tibia and the curvature of the femur. 
Comparison to a long dataset of archaeological population from central Europe 
contemporaneous to the Zweeloo Woman show that she is significantly shorter than the mean 
(153,3 cm) of the female population for this period (Siegmund 2010). Considering however 
the standard deviation and the interquartile range, 96% of the female population for this 
period ranges from 144.3 to 162.3 cm. Taking into account the bone shrinkage that is a 
common effect on bog bodies the stature of the Zweeloo Woman could be considered short 
but within normal limits. 
Based on the stature estimation and the femur head diameter the Body Mass Index of the 
Zweeloo Woman was calculated. For the Body Mass was used the formula of Auerbach and 
Ruff (2004) which is actually a mean of Ruff et al., (1991), Mc Henry (1992) and Grine et al., 
(1995) together with the stature estimation after Pearson. The Zweeloo Woman exhibits 
normal BMI values compared to modern data from the World Health Organisation (WHO), 
according to which values from 18.50 to 24.99 fall within the normal weight range (Table 4). 
 
Table 4 – Body Mass Index estimation of the Zweeloo Woman 
 
5.2- Radiographic aspects 
A single radiographic evaluation of the entire skeleton was performed in 16 layers, using a CT 
scanner (PET/CT Gemini TF, Philips, NL). Scanning parameters were: slice thickness 0,8 and 
1 mm; reconstruction interval 0,75 mm, rotation time 0.5 sec. The whole number of axial 
slices was 1378. Post-processing including axial scans evaluation and multiplanar 
reconstructions was performed with a Workstation EBW Brilliance (Philips, NL). 
Determination of sex was based on parts of the skull and on the pelvis (Leopold, 1998; White 
and Folkens, 2005). The following bones are entirely preserved: frontal bone, right and left 
parietals, a fragment of the left temporal bone and a fragment of the jaws. The reduced 
dimensions of the skull bones are due to post-mortem shrinkage and not microcephaly. True 
microcephaly does not result in such pronounced reductions of the face. 
The very small mastoid process of the skull and the shape of the pelvis (greater sciatic 
notches, longer pubic portion of the os coxae, larger subpubic angle, auricular surface more 
elevated) indicate that the individual was a female. The age at death has been tentatively 
established on the basis of various observations. Epiphyseal union in the long bones, pelvis 
and scapula indicated a minimum age of 25, while the morphology of the pubic symphysis 
points to an age between 35 and 50 (Leopold, 1998). 
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Regarding the post-cranial skeleton, it has almost entirely preserved even if a marked 
difference in size is observable between some bones of the left side of the body and their 
counterparts on the right side (i.e. the pelvis, the heel bones and the femora). Since these 
observations did not fit any pathological disorder, post-mortem deformation is suggested as 
the major cause of these differences. As a matter of fact, bones of bog bodies are often 
distorted and squashed during interment like in Lindow II and Lindow III (Pyatt et al., 1991; 
Schilling et al. 2008). 
Both proximal and distal epiphyses of the right humerus and the preserved distal epiphysis of 
the left humerus are normal in shape and structure. Right and left forearms show partially 
deformed and under-developed epiphyses. Left and right radii are shorter than normal and 
moderately bowed. 
The left femur is fractured and level with the fracture edge of its distal epiphysis, a small 
radiopaque body (1.5-2 cm, HF density between 1.000 and 2.000) is observable. This 
structure seems to be an intrusive stone (Figure 4). 
 
Figure 4- Results of PET-CT scan performed on Zweeloo Woman’s skeletal remains. The 
viscera have been positioned between the lower limbs.  
 
Concerning the lower limbs, both lower legs appear to be hypo-developed when compared 
just to the femora. This difference, however, is less evident than the one observed in the 
forearms. Both right femora and right fibulae show a marked bowing. Coxa valga is present. 
The left leg appears to be shorter than the counterpart. If asymmetry is indeed a post-mortem 
development, the special shortening of forearms and lower legs are on the contrary to be 
classified as a pathological phenomenon known as dyschondrosteosis.  
Proximal portions of the limbs, hands and feet show no abnormality of size, though there is 
possible evidence of reactive change in the bones of the feet consequent upon some degree of 
abnormal gait. There is no remaining evidence of nutritional deficit or infectious illness and 
no other part of the skeleton appears to be affected. 
The diagnosis of Léry- Weill dyschondrosteosis rests on the radiological findings (Langer, 
1965). In living patients, the X-ray features of dyschondrosteosis show a wide spectrum of 
manifestations which include: 1- shortening of the forearm in respect to the upper arm and 
hand; 2- dislocation of the distal ulna which cannot be maintained in position; 3- limitation of 
motion at the elbow and wrist; 4- shortening of the shank in relation to the upper leg which 
results in a mild dwarfism. This pattern of shortening in the middle segment of extremities is 
referred to as mesomelia. 
The most prominent abnormality of dyschondrosteosis is in the wrist causing the so-called 
Madelung’s deformity. Twelve roentgenographic criteria are used for the diagnosis of 
Madelung’s deformity, three of which are of utmost importance: 1- a double (lateral and 
dorsal) bowing of the radius which involves the entire diaphysis but is more marked at the 
distal end; 2- a variable widening of the inter-osseous space due to lateral curvature described 
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above; 3- shortening of the radius as compared with the normal standard for age and in 
relationship to size of the other bones of the upper extremity. 
In Zweeloo Woman not all carpal bones have preserved. However, the three main criteria 
aforementioned could be identified in her skeletal remains and might lead us to suppose, by 
inference, the presence of such a deformity. 
Other roentgenographic features which are not part of Madelung’s deformity but which have 
been present in some severely affected patients with dyschondrosteosis are: thickening of long 
bones, shortening and thickening of the metacarpal and phalanges, coxa valga, exostosis of 
the proximal medial tibia, and cubitus valgus. The skull, the spine and the pelvis are 
radiologically normal in all cases described in the literature in which these bones have been 
studied Zweeloo Woman included. 
Differential diagnosis should include other deformities of the distal forearm. Closely 
simulating the deformity of dyschondrosteosis is post-traumatic fusion of the ulnar aspect of 
the distal radial epiphysis, but Zweeloo Woman does not show any sign of such traumatic 
lesions. 
Less commonly, infection may result in a similar deformity. The deformity is almost always 
unilateral in these cases. As shown in all published cases, dyschondrosteosis may be 
asymmetric as regards involvement, but, invariable, the criteria of dyschondrosteosis are 
present radiologically, in both forearms and wrist regions. 
This is not a case of hypopituitary dwarfism, since it is not a generalised failure of growth. In 
achondroplasia, the most common form of skeletal dysplasia, the limbs are all shortened, 
femur the most, then the humerus, then the bones of the lower legs and forearms. Adult 
stature rarely exceeds 140 cm. 
5.3- Evidence of perimortal or post-mortem injuries 
There are at least 21 cuts to bones of the skeleton. Most cuts were short and clearly made with 
a sharp blade. There is no evidence of bone reaction to these injuries, and no equivalent 
injuries on the body surface. The distribution of these injuries is shown in Figure 5. 
 
Figure 5- Distribution of cuts on the Zweeloo bones 
 
Briefly, the positions were as follows: (1) frontal, above the left orbit (Figure 2b), (2) two on 
the inner aspect of the scapula blade, (3) a left hand phalanx and proximal phalanx of the left 
thumb, (4) the left femur below the trochanters (2) and at the knee, (5) at the proximal 
articular end of the left tibia, (6) two at the distal end of the right humerus, (7) three on the 
right radius and one on the right ulna, (8) two on the right femur, in the upper and lower thirds 
of the shaft, (9) two at the proximal end of the right tibia and two more along the shaft. What 
is extremely puzzling about these injuries is that there is no evidence of trauma, except 
possibly to the posterior aspect of the left shoulder, on the outer skin surface. So how were 
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they caused? It seems unlikely that the bones were cut out from within the body, as they were 
probably loose within the skin anyway. Are they accidents of conservation? This seems 
highly unlikely. 
5.4- Pathology 
Excluding the various cuts, and the congenital anomaly under discussion, a number of other 
cases of pathology were noted. The pelvis displays some long deep grooves on the left iliac 
blade which seems likely to be post-mortem shrinkage and distortion. Two upper thoracic and 
four lumber vertebrae display varying degrees of Schmorl’s nodes impressions. These were 
originally thought to have no clinical significance, but could well have associations with 
osteo-arthritic development, back stress and pain (Aufderheide and Rodriguez- Martin, 2006). 
5.5- Genetic and clinical aspects 
The radiological findings could indicate Léry-Weill dyschondrosteosis. Léry-Weill 
dyschondrosteosis (LWD) is a dominantly inherited skeletal dysplasia marked by 
disproportionate short stature and the characteristic Madelung’s wrist deformity. LWD is 
inherited in a pseudo-autosomal dominant manner with each child of an affected individual 
having 50% chance of inheriting the mutation. Prevalence is unknown. 
Short stature is present from birth with mesomelic shortening of the limbs (shortening of 
middle segments of the forearms and lower legs). Madelung’s deformity may only be detected 
in puberty. The wrist deformity is bilateral and is characterised by shortened and bowed radii 
and ulnae leading to dorsal dislocation of the distal ulna and limited mobility of the wrist and 
elbow. 
LWD was first described by Léry and Weill in 1929 in French literature and, since that time, 
occasional reports have appeared in French, German and Spanish literature (Léry-Weill, 1929; 
Langer, 1965). Although the disorder occurs in both sexes, it is usually more severe in 
females, perhaps due to sex differences in oestrogen levels (Lichtenstein et al., 1980). 
However, pubertal development and fertility are generally normal in both sexes with the 
disorder (Ross et al., 2005). Intelligence is normal. In around 70% of cases, LWD is caused 
by haploinsufficiency of the short stature homeobox (SHOX) gene, which maps to the 
pseudoautosomal region 1 (PAR1) of the sex chromosome (Xp22.23 and Yp11.32) (Belin et 
al., 1998; Shears et al., 1998; Ross et al., 2001, 2003; Huber et al., 2001; Grigelioniene et al., 
2000; Benito-Sanz et al., 2005). 
Haploinsufficiency results from heterozygous mutations and deletion of SHOX, or of the 
downstream PAR1 (where SHOX enhancer elements are located). The molecular defect 
remains unknown in the remaining 30% of LDW cases. SHOX-associated LWD is part of a 
spectrum of disorders (ranging from the most severe Langer mesomelic dysplasia (LMD) to 
LWD, isolated Madelung deformity and so-called idiopathic short stature) all associated with 
SHOX/PAR1 abnormalities. The prevalence of SHOX/PAR1 mutation is estimated at 1/1000. 
Diagnosis of LWD is suspected on the basis of the clinical and the radiologic findings and 
will be investigated in a follow-up study by molecular analysis. 
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Achondrogenesis and thanatomorphic dysplasia, as well as captomelia dysplasia, are excluded 
from a differential diagnosis, since affected people die stillborn or at birth, or within the 1st 
year, respectively. Pseudoachondroplasia is excluded as well since it is prominent at the hips 
(femora) and shoulder (humeri), with irregular epiphyses and widened metaphyses resulting 
in premature degenerative joint disease (Aufderheide and Rodriguez Martin, 2003). Similarly, 
it is not a phocomelic type of dwarfism, since only a specific segment of each limb is 
involved and the skull is unaffected. The normal hands and feet argue against an effect of the 
‘thalidomide-injury’ type, for example following a viral infection. An ‘anti-Marfan’ type of 
syndrome can also be excluded, since the equivalent segment is involved in each limb and the 
skull, hands and feet are spared. 
5.6 Other case studies 
Different cases of probable skeletal dysplasia in pre-modern societies have been previously 
described. The principal cases shown in literature are chronologically ranging from the Upper 
Paleolithic to the Middle Ages but none is referring to a bog body. The principal cases are 
listed below: 
An upper Paleolithic individual from Italy represents the earliest case of dwarfism associated 
to Madelung’s deformity. Other indications in this skeleton indicate that he did not possess 
DSC but a different form of dwarfism, an acromesomelic dysplasia, which is much more 
severe than DSC. The stature of this individual was estimated 1.0 to 1.30 m only (Frayer et 
al., 1987). 
A 2nd- 3rd century AD young woman from the Talayotic site of ‘S. Illot de Porros’ from 
Mallorca (Campillo and Malgosa, 1991) who shows a bilateral brachymelia with bowing of 
the radius and posterior dislocation of the ulna consistent with a probably Madelung’s 
deformity. 
A mature adult male (45-50 years), the Donori man, dating to 2800 BC from Nuragic 
Sardinia. The main pathological features affected both forearms. Both were characterised by 
marked shortness and by morphological alteration of the distal epiphyses. Some major 
changes involved the radii whose diaphysis were shortened and strongly bowed. However, 
lower legs were not preserved and, therefore, the presence of mesomelia could not be 
evaluated and an aetiology of DCS cannot be stated with certainty (Canci et al., 2002). 
A 2nd- 3rd century AD 20-25 years old male skeleton from Gloucester. The most significant 
abnormalities were Madelung’s deformity affecting the right radius (the only one which 
survived the recovery sufficiently well for examination), an abnormal right humerus, curved 
and shorter ulnae and mesomelia suggesting a probably diagnosis of dyschondrosteosis 
(Waldron, 2000). 
A 6th century AD 60 years old female skeleton from Geneva, Switzerland, demonstrated the 
forearms changes and may be an example of DCS (Kauffman et al., 1979). 
A 7th century male aged between 18-20 years from the Pieve di Pava, Siena, Italy, whose 
skeleton shows a stature of about 150 cm with short and bowed radii, bilateral deformation of 
the proximal and distal epiphyses of radii and ulnae, bilateral bowing and shortening of the 
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tibiae and bilateral agenesis of the fibulae. These deformations are suggestive of Langer 
syndrome (Mongelli et al., 2010). 
A 9th- 11th century Anglo-Saxon female from Black Gate cemetery, Newcastle-upon-Tyne. 
The age at death was estimated between 35-44 years. This skeleton revealed deformity of 
both forearms and shortened stature due to reduced tibial length. These were considered 
indicative of dyschondrosteosis (Cummings and Rega, 2008). 
An 11th -13th century adult male skeleton from the Hispano-Muslim necropolis of San 
Nicolás de Murcia. The deformities of the forearms are quite similar to those of the Donori 
man, especially those concerning the cavity on the medial distal epiphysis of the radius 
(Campo et al., 1996). 
A medieval elderly male from the Saint Gregory’s Priory, Canterbury, Kent. In this case, 
there’s no evidence of dysplasia. The right radius and ulna were shortened due to premature 
fusion of the distal growth plate. The radius displayed lateral and dorsal bowing and the ulna 
was dislocated posteriorly. The unilateral presentation, shortening of the ulna and atrophy of 
the hand bones suggest a post-traumatic rather than an idiopathic form of the Madelung’s 
deformity. The normal length of the lower legs is against a diagnosis of dyschondrosteosis 
and Madelung’s deformity associated with mesomelic dysplasia (Anderson and Carter, 1995) 
Only three cases of probably or indicative DSC have been described so far. Zweeloo 
Woman’s skeletal remains (upper and lower limbs) show a marked dysplasia consistent with a 
mesomelic abnormality and provide the first robust evidence for Léry-Weill syndrome in a 
2nd century bog body from The Netherlands. 
5.7- Analysis of the preservation status of the connective tissue protein collagen 
Atomic force microcope (AFM) imaging, a well established technique to provide information 
on the surface properties of a sample, was used to determine the collagen preservation in 
histological skin samples of the Zweeloo Woman.  
Two- four µm thick transverse sections of the Zweeloo mummy skin were analysed using an 
atomic force microscope (NanoWizard®II, JPK Instruments, Berlin, Germany) operating in 
intermittent contact mode and measurements were performed in ambient conditions. Silicon 
cantilever (BS Tap 300, Budget Sensors, Redding, USA) with typical spring constants of 40 
N/m and nominal resonance frequencies of 300 kHz were used. The tip radius was specified 
smaller than 10 nm. Image analysis was carried out using SPIP (SPIP 5.0.1.0, Image 
Metrology, Denmark). 
AFM images revealed fibrils with periodic banding patterns (Figure 6, 7, 8, 9, 10) embedded 
into the tissue matrix. The average D-period, derived from topographic analysis along the 
longitudinal axis of several fibrils, was 62.8 nm (± 4.2 nm s.d.). The fibrils were unsorted, 
overlapping at some sites and formed network like structures.  
 
Figure 6- Type I collagen fibrils within the histological skin sample. (a) Zweeloo Woman 
tissue imaged with an optical microscope (magnification 10x). Figures (b) to (d) show 
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magnifying AFM amplitude images of the areas outlined. In (d) single fibrils with a periodic 
structure are shown. 
 
Figure 7- Type I collagen fibrils within the histological skin sample. (a) Zweeloo Woman 
tissue imaged with an optical microscope (magnification 10x). Figures (b) to (d) show 
magnifying AFM amplitude images of the areas outlined. In (d) unsorted and overlapping 
fibrils in a network like structure are shown. Each fibril features a periodic substructure. 
 
Figure 8- Representative images of type I collagen found within the histological skin sample 
of the Zweeloo Woman. (a) Histological tissue sample imaged with an optical microscope 
(magnification 10x). Figures (b) to (d) show AFM amplitude images of selected sample areas 
as labelled. In the image with highest resolution (d) single fibrils with a periodic substructure 
are revealed. 
 
Figure 9- AFM topography and amplitude images of type I collagen found within the 
histological skin sample of the Zweeloo Woman. In figure (a) (2x 2 µm in size) collagen 
fibrils with their characteristic banding pattern are revealed. The fibrils form a network like 
structure and sometimes overlap. Contours of the fibrils are faint. The amplitude image (b) 
shows the fibril contours in more detail.  
 
Figure 10- AFM topography and amplitude images of type I collagen found within the 
histological skin sample of the Zweeloo Woman. In figure (a) (3x 3 µm in size) fibrils in a 
network like structure are revealed. The contours of the fibrils are faint. The amplitude image 
(b) shows the fibril structure in more detail. The characteristic banding pattern of collagen is 
resolved.  
 
The higher magnification images (Figure 6, 7, 8, 9, 10) show collagen fibrils without breaks 
although spherical particles may indicate collagen fragments. Moreover the fibril contour 
structure is very faint. Topographic analysis perpendicular to the longitudinal axis of several 
fibrils suggests a mean fibril height of 12.2 nm (± 3.6 nm s.d.).  
Type I collagen is extremely durable and can be preserved in mummified tissue over 
millennia (Chang et al., 2006; Janko et al., 2010). This observation also proves to be true for 
the structural preservation of the skin collagen from the Zweeloo mummy. Alike in recent and 
other mummy skin samples, the collagen fibrils in the skin of the Zweeloo Woman are 
typically arranged in networks or in sheet like structures and they feature a periodic banding 
pattern.  
Compared to results by Stücker et al (2001) who observed well preserved collagen bundles in 
the dermis of six bog bodies, our results however, indicate a moderate decomposition of the 
Zweeloo Woman type I collagen. The Zweeloo Woman collagen showed considerable 
differences in fibril contour and size to the type I collagen found in recent human skin or of 
other mummies.  
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High resolution images, taken with the AFM revealed soft outlines of the collagen fibrils 
indicating an inferior degree of collagen preservation. The characteristic banding pattern 
averaged to 62.8 ± 4.2 nm and was thus smaller compared to the literature value of 67 nm. 
The average fibril height of 12.2 nm (± 3.6 nm s.d.) was also reduced compared to the 
collagen fibril diameter of 32 nm as for e.g. Iceman skin collagen (Janko et al., 2010). 
The reduction in fibril height may be caused by a decomposition of the collagen fibrils as 
observed in previous AFM studies (Paige et al., 2002; Bertassoni and Marshall, 2009) 
showing the degradation of type I collagen by enzymatic action e.g. by collagenase or papain-
gel. It was suggested that the enzymes degrade the entire fibrillar structure in a non-specific 
manner causing the fibrils to become both shorter and thinner.  
An analogous effect may have occurred in the bog causing the type I collagen to be slightly 
degraded and thus reduced in size. The different degree in degradation is most probable due to 
the composition e.g. acidic environment of the bog which conditions the preservation and the 
mummification process.  
5.8 Histological analysis of bony material and viscera. 
Bone and viscera samples from Zweeloo Woman were processed for histological analyses in 
order to assess their state of preservation.  
A bone sample was analyzed according to the protocol outlined by Maat and colleagues (Maat 
and Aarents, 2000); the intestine samples, liver and kidney, were typed according to their 
shape and internal localization in the mummy’s bundle of viscera (Van der Sanden 1996). 
Small tissue biopsies (0.5 cm x 0.5 cm), that we macroscopically typed as liver and kidney 
tissues, were analyzed according to the methods described in Mekota and Vermehren (Mekota 
and Vermehren 2005).  
After rehydration in Solution III for 48 h, samples were fixed for 24 h in 4% formaldehyde, 
dehydrated and finally embedded in paraffin blocks. The embedded samples were cut on a 
microtome in 3µm thick sections (Leica, RM2245). The paraffin sections were 
histochemically counterstained with either hematoxylin and eosin stain (H&E) or Gram stain 
(Mulisch and Welsch 2010). 
Skeletal decalcification is the feature which is commonly shared by bog bodies. 
Decalcification can be so marked that bones or even the entire limbs can be grossly deformed 
on such hypocalcified extremities. Histology revealed a surprisingly good state of 
preservation of the bony material which showed important osseous organizations such as 
Haversian canals and lamellae (Figure 11) (Pyatt et al., 1991).  
 
Figure 11- Ground section of the bone tissue. Bar = 20µm  
 
Appendix 
 111 
The high degree of conservation of bone microstructure might indicate that the Zweeloo 
Woman body was recovered from a slightly acidic peat bog with higher bone tissue- 
preserving qualities compared to highly acidic highland peat bogs (Petska et al., 2010) 
In bog bodies, in general, viscera do not preserve as well as skin does. Liver and kidney, the 
two organs in which the majority of the volume is composed of epithelial cells, show to be 
commonly reduced in size, deformed by the pressure of the peat bog layers or unrecognisable 
while lungs and intestinal wall (but not its lining epithelium) are probably the most common 
preserved, recognizable viscera (Aufderheide, 2003). 
In our specific case, we were able to confirm the results of the initial macroscopic 
identification. The paraffin sections of the kidney displayed a perfect overview of the kidney 
tissue including major characteristic regions such as the cortex and the renal pelvis (Figure 
12A). Additionally, tubules-like structures were identified in the renal corpuscle (Figure 12B).  
 
Figure 12- Paraffin section of the kidney. (A) Kidney overview picture composed of three 
grouped pictures. The kidney capsule (★) and the renal pelvis ( ▲ ) are highlighted. Gram 
stain, bar = 100µm. (B) Detailed view of the kidney cortex with tubular profiles. Gram stain, 
bar = 10µm.  
 
Compared to the kidney sample, the liver material appeared less well preserved. Nevertheless, 
liver parenchyma with polygonal shaped hepatocytes and connective tissue could be still 
clearly distinguished in the paraffin sections (Figure 13A).  
 
Figure 13- Paraffin section of the liver. (A) Liver parenchyma with polygonal shaped 
hepatocytes (colored brownish) and connective tissue (colored purple). H&E stain, bar = 
20µm. (B) Egg of Dicrocoelium dendriticum embedded in the liver parenchyma. Gram stain, 
bar = 20µm. 
 
By far the most important finding of the histological analysis, however, is the relatively high 
load of eggs of the lancet liver fluke Dicrocoelium dendriticum observed in the liver paraffin 
sections (Figure 13 B). 
The trematode Dicrocoelium dendriticum with its complex life cycle is known to infect only 
in rare cases the bile duct and the liver of humans (Otranto and Traversa 2002; Karadag et al., 
2005). This “real” infection, the so called dicrocoeliasis, occurs by ingestions of the second 
intermediate host (ant). There exist numerous reports of the detection of Dicrocoelium sp. 
parasite eggs in ancient coprolite samples suggesting a long-term host-parasite evolution (Le 
Bailly and Bouchet, 2010). Nevertheless, detection of parasite eggs in human stool samples is 
in most cases not indicative for a “real” infection but rather may indicate a pseudoparasitism 
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due to the ingestion of undercooked infected liver (Magi et al., 2009). Here we provide 
suggestive evidence of a “real” dicrocoeliasis case in a bog body.  
6- Possible archaeological significance 
The new series of investigations carried out on this bog body confirm the previous diagnosis 
of dyschondrosteosis as the cause of the disabling defect which affected Zweeloo Woman 
during her life. While it is a matter for further debate as to why prehistoric bodies/skeletons 
are found in bogs, it is quite probable that some have sacrificial and ritual significance. In 
which case, was there a selection process by which victims were earmarked for death? And, if 
so, would visible body defects have been a criteria used in the selection process? Was the 
Lindow III individual selected because one hand probably displayed an extra digit (Brothwell 
and Bourke, 1995)? Was Yde Girl selected because of her scoliosis, Bolkilde Man because of 
his crippled condition and the Døjringe Men because of their defects in their upper arms (Van 
der Sanden 1996, 138-143)?  
The Zweeloo Woman and her defects again raises this question. Indeed, in random samples 
the size of the well preserved European bog bodies, would one expect to find even one case of 
a visible abnormality? The conditions seen in e.g. Zweeloo and Lindow III (Brothwell and 
Bourke, 1995) are uncommon at least, yet they appear in the bog samples. The survival of 
these individuals to adulthood shows that visible congenital abnormalities were tolerated in 
their communities but, that at some point in time, their abnormal physical condition led the 
same community to set them apart and see them as cursed or blessed persons, perfect 
victims/candidates for a sacrificial death.  
If the life of Zweeloo Woman was indeed taken by members of her own local community, she 
might have lived in a settlement that was situated close to the present village of Aalden, 
which is situated to the west of Zweeloo. The findspot of Zweeloo Woman is situated within 
the boundaries of the village territory (Marke) of Aalden, which go back to the Middle Ages 
and probably to even earlier times. The eastern boundary is formed by the brook valley of the 
Aelder Stroom. The Roman period settlement in which she may have lived has not yet been 
found, but most likely it is still hidden under the plaggen soil ‘Aalder Esch’, situated to the 
south of Aalden (an indication of this might here an Early Medieval cemetery was excavated). 
The distance between the bog in which Zweeloo Woman was discovered and her (assumed) 
settlement is ca. 2.5-3 km. Hence, Aalden Woman would be a more appropriate name for this 
unfortunate individual.  
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Notes  
1. Now known as Groninger Instituut voor Archeologie/Groningen Institute of Archaeology. 
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2. Unfortunately the name of the anatomist involved is not reported. 
3. See note 1. 
4. Calibrated using Wincal25. 
5. In a letter to one of the authors (WVDS) he writes that the woman will have been about 
1.52 m tall. 
6. Information provided to the senior author (WVDS) by F. Kuipers and J. Warmolts, 
Zweeloo, on 5 February 2010. 
7. By the time of the discovery the peat bog no longer had his shape. Topographic maps from 
the 1920s show that Juffersveen had by then “broken up” into smaller parts. 
8. See note 6. 
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